STIC-ILL 



From: /jj / Vogel, Nancy 

Sent: A In Thursday, December 09, 2004 2:09 PM 



To: ^jlj'^^ STIC-ILL 



Subject: / 1/ refs for 1 0/045, 1 1 6 (references from lost parent case 09/033,555 ) 
Please send me the following: 



Natl. Acad. Sci. USA (1 989) 86:4574-4578 



l^^nC_2C,BioTech„^IL,MAIN_r 



Virol. 1 997 227:239-244 m^voi NO._Fos 

Virolo 1 994 202:695-706 Call ^^^^SfL^MS^M^ 



Virolo 1993 193:631-641 

Genes and Dev. 1988 2:453-461 

Nucleic Acid Research 1983 11 17 :6003-6020 . 

Proa Natl. Acad. Sci. USA 1994 91:8802-8806 
J Virolo I 993 67 10:591 1-592 1 

Anticancer Res. 1997 17:1471-1505 

J Immunol. 1988 141 6 :2084-2089 

J Virol. 1989 63 2 :631-638 

Science 1989 244:1288-1292 

Chang at al. Cancer Gene therapy Using Novel Tumor specific Replication Competent 
Adenovirus Vectors" Cold Spring Harbor Gene Thera Meeting Sept. 1996 

Nucleic Acids Res. 1996 24 12 :231 8-2323 

Current Protocols in Molecular Biology 

Ausubel et al., eds., 1987 , Supp, 30, section 7.7.1i3 Table 7.7.1 

Nature (1989) 337:387-388 

Advances in Virus Research 1986 31: 169-228 

Biochem. Biophys. Acta 1982 651:175-208 

MoL Cell. Biol. 1989 9 (9) :41 5-42 

J Virol. 1997 71 (1):548-561 

EMBO J 1984 3 (12) :2917-2922 

J Genetic Virolo 1977 68:937-940 

1973 Virolo 52:456-467 

1987 J Gen. Virol 36:59-72 

Biochem. J. 1987 241:25-38 

Hallenbeck, P.L. et al., Novel Tumor Specific Replication Competent Adenoviral Vectors for Gene 
Therapy of Cancer" abstract no. 0-36 Cancer Gene Thera 1996) 3 (6) :S19-S20. 

J. Biol. Chem. 1995 270 (8) :3602-3610 . 
J Biol. Chem. 1994 269 (39) :23872-23875 
Adv. Dru Delive Rev. 1995 17:279-292 



Targeted Homologous Recombination at the Endogenous Adenine 
Phosphoribosyltransferase Locus in Chinese Hamster Cells 




® 



Gerald M. Adair; Rodney S, Nairn; John H. Wilson; Michael M. Seidman; Katherine 
Ann Brotherman; Christy MacKinnon; Julia B. Scheerer 

Proceedings of the National Academy of Sciences of the United States of America, Vol. 
86, No, 12 (Jun. 15, 1989), 4574<4578, 

Stable URL: 

http:/y]inksjstor.org/sici?sici=0027-8424%2819890615%2986%3A12%3C4^ 

Proceedings of the National Academy of Sciences of the United States of America is currently published by National 
Academy of Sciences, 



Your use of the JSTOR archive indicates your acceptance of JSTOR's Tenns and Conditions of Use, available at 
http://www.jstor.org/about/tenns.htinK JSTOR's Tenns and Conditions of Use provides, in part, that unless you 
have obtained prior permission, you may not download an entire issue of a journal or multiple copies of articles, and 
you may use content in the JSTOR archive only for your personal, non-commercial ,use. 

Please contact the publisher regarding any further use of this work. Publisher contact information may be obtained at 
http://w w w .j stor .org/j oumals/nas. html . 

Each copy of any part of a JSTOR transmission must contain the same copyright notice that appears on the screen or 
printed page of such transmission. 



JSTOR is an independent not-for-profit organization dedicated to creating and preserving a digital archive of 
scholarly journals. For more information regarding JSTOR, please contact support@jstor.org. 



http://www.j.stor.org/ 
ThuDec 915:10:362004 



Proc. NatL Acad. Sci USA 
Vol. 86, pp. 4574-4578, June 1989 
Genetics 



Targeted homologous recombination at the endogenous adenine 
phosphoribosyltransferase locus in Chinese hamster cells 

(gene targeting/transfection/targeted integration /gene conversion) 

Gerald M. AoAiRtt, Rodney S. Nairn^ John H. Wilson§, Michael M. SeidmanH, 
Katherine Ann BROTHERMANt, Christy MAcKiNNONt, and Julia B. ScHEERERt 

^The University of Texas M. D. Anderson Cancer Center, Science Park-Research Division, Smitliville, TX 78937; 'Marts McLean Department of 
Biochemistry. Baylor College of Medicine, Houston, TX 77(130; and ^Otsuka Pharmaceutical Co., Ltd., Maryland Research Laboratories. 
9900 Medical Center Drive, KockviUe, MD 20850 

Communicated by Leroy Hood, November 30, 1988 



ABSTRACT We have developed a system that permits 
analysis of targeted homologous recombioatioii at an endoge- 
nous) chromosomal gene locus hi cultured mammalian cells. 
Using a hemizygous, adenine phosphoribosyltransferase 
(APRT)-deficlent, Chinese hamster ovary (CHO) cell mutant 
as atransfection recipient, we have demonstrated correction of 
a nonrevertible deletion mutation by targeted homologous 
recombination. Transfection with a plasmid carrying a frag- 
ment of the APRT gene yielded APRT^ recombinants at a 
frequency of »4.1 x 10'''. The ratio of targeted recombination 
to nontargeted Integrations of plasmid sequences was -1:4000. 
Analysis of 31 independent APRT*** recombinants revealed 
conversions of the endogenous APftT gene, targeted integration 
at the APRT locus, and a third class of events in which the 
plasmid donor APRT fragment was converted to a fulMength, 
functional gene. 



Targeted homoiogous recombination is a powerfiil toot for 
genetic manipulation in yeast, permitting precise gene cor- 
rection, site-specific gene modification, or targeted gene 
disruption at any chromosomal locus for which a cloned 
sequence is available (1-4). Potential applications of such 
techniques in mammalian cells include (/) site-specific gene 
modification or precise targeting of engineered gene se- 
quences into their normal chromosomal environments for 
studying expression and structure-function relationships; (h) 
generation of animal models for the study of heritable human 
diseases by targeted gene disruption or insertional mutagen- 
esis of gene loci in mouse embryo cells; and (m) precise 
replacement or correction of defective human genes as an 
approach to gene therapy. However, the paucity of good 
assay systems and selectable markers for studying homolo- 
gous recombination at endogenous gene loci and the propen- 
sity of mammalian cells for integration of foreign DNA by 
illegitimate recombination events requiring little or no ho- 
mology (5-7) have been major impediments to the practical 
application of gene targeting approaches in mammalian cells. 

Most studies of targeted homologous recombination in 
mammalian cells have used one of two basic approaches: 
aiialysis of the production of viable viruses by recombination 
between defective exogenous and chromosomally integrated 
viral sequences (8-11) or introduction and stable integration 
of a defective viral or bacterial gene sequence into a mam- 
malian cell genome to serve as an artificial chromosomal 
target sequence for subsequent homologous recombination 
events (12^16). Very few studies have used mammalian genes 
in their normal chromosomal environments as targets for 
homologous recombination (17-19). 
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We have developed a system that permits analysis of 
targeted homologous recombination at an endogenous, chro- 
mosomal gene locus in cultured mammalian cells. This sys- 
tem utilizes a hemizygous adenine phosphoribosyltrans- 
ferase (APRT) gene (20-24) as a target for homologous 
recombination. In this paper we (/) demonstrate targeted 
correction of a nonrevertible APRT deletion mutation by 
homologous recombination of a transfection-introduced plas- 
mid APRT sequence with the defective chromosomal locus; 
(//) determine the relative frequencies of targeted homologous 
recombination and nontargeted integration of plasmid se- 
quences; and (iii) analyze 31 independent APRT^ recombi- 
nants to determine the nature of the targeted recombination 
events. 

MATERIALS AND METHODS 

Cell Lhies and Culture Conditions. CHO-ATS-49 is a spon- 
taneous 8-azaadenine-resistant, APRT-deficient mutant de- 
rived from CHO-AT3-2 (20-22). ATS-49 cells are hemizy- 
gous for an Mho II APRT restriction fragment length poly- 
morphism that reflects loss of the exon V Mbo II restriction 
site (Fig. la). A spontaneous 6-thioguanine-resistant, hypo- 
xanthine (guanine) phosphoribosyltransferase (HPRT)-defi- 
cient subline, ATS-49tg, was used for targeting experiments. 
Cells were maintained as exponentially growing monolayer 
cultures in alpha modified Eaglets minimal essential medium 
(a-MEM) supplemented with 10% fetal bovine serum, peni- 
cillin, and streptomycin (20, 21). 

Piasinid DNAs. Plasmid pAG-7 (Fig. 1^) was constructed 
by replacing the 0.7-kb EcoKl-BamUl region of pSV2gpt (25. 
26) with a 2.6-kb EcoKl-BamHl fragment derived from 
pHaprt-1 (23). This fragment includes only the 3' portion of 
the Chinese hamster APRT gene (22). During the construc- 
tion of pAG-7, a Pst I site in the bacterial ampicillin- 
resistance gene was removed in such a way as to leave the 
gene functional, making the Pst I site in the APRT gene 
fragment unique. 

Transfections. Plasmid DNAs were introduced into ATS- 
49tg cells by calcium phosphate transfection (27, 28). Each 
100-mm dish received 8 /xg of plasmid DNA. No carrier DNA 
was used. After 4 hr of exposure to calcium phospbate/DNA 
precipitates, cells were treated for 25 min with 10% (vol/vol) 
dimethyl sulfoxide and maintained in a-MEM for ^40 hr 
before exposure to selective media. 

Selections. APRT^ recombinants were selected in ALASA 
(25 alanosine/50 fiM azaserine/l(X) adenine) medium 
(21, 28). The frequency of GPT^ transformants was monitored 



Abbreviations: APRT, adenine phosphoribosyltransferase; HPRT, 
hypoxanthine (guanine) phosphoribosyltransferase; GPT, guanine 
phosphoribosyltransferase; WT, wild type; ALASA, alanpsine/ 
azaserine/adenine; HAT, hypoxanthine/amethopterin/thymidine. 
*To whom reprint requests should be addressed. 
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Fig. 1. Target gene and targeting vector, (a) Mbo Il-digested 
DNAs from CHO-AT3-2 (lane 1) and CHO-ATS-49tg (lane 2) after 
hybridization with the 3.9-kiIobase (kb) APRT probe ^ showing loss Of 
the exon-V Mbo II site in ATS-49tg. Internal 1.5- and 0.5-kb 
fragments are generated by Mbo II sites in intron 2, exon V, and just 
downstream of the APRT gene; the upstream and downstream 
genomic flanking sequences are present on overlapping 1.2>kb Mbo 
11 fragments, (fe) Diagram showing the shared APRT sequence 
bou(i^t6gy 12573 base pairs (bp)) between pAG-7 and the targeted 
ATS^9tg chromosomal APRT locus. The location of the ATS-49tg 
ii/'^r deletion site is indicated. Ap» ampicillin-resistance gene; gpt, 
guanine phosphoribosyltransferase gene. 

by plating a small aliquot of cells from each culture into HAT 
(100 /iM hypoxanthine/2 /iM amethopterin/50 thymidine) 
medium. One APRT^ recombinant was picked from each 
independent transfection population for molecular analysis. 
Alanosine (NSC-529469) was obtained from the Drug 3ynthe- 
sis and Chemistry Branch of the National Cancer Institute. 

DNA Isolation and Molecular Analysis. DNA was isolated 
either by the NaDodS04/proteinase K method (21, 27) or by 
a simple salting-out procedure (29). DNA samples (IO7I5 ^lg) 
were digested by overnight incubation with restriction en- 
zymes in the buffers recommended by the suppliers (Boeh- 
ringer Mannheim and New England Bio(abs), eiectropho- 
resed for 560 V-hr in 0.8% agarose gels, and transferred to 
nitrocellulose membranes (21). [a-"P]dCTP-labeled probes 
were prepared by nick-translation (21, 27) or random oligo- 
nucleotide-primed synthesis (30), using either the 3.9-kb 
BamKl fragment derived from pHaprt-1 or a 1.3-kb B^mHI- 
EcoRl fragment that includes only the 5' portion of the APRT 
gene. Hybridizations and autoradiography were carried out 
as described (21, 27). 

RESULTS 

Correction of a Nonrevertible Mutation at the Endogenous 
APRT Locus by Targeted Homologous Recombination. CHO- 
ATS-49tg cells are hemizygous for the AP/?r locus; they 
contain a single, mutationally altered copy of the AP/JIgene. 



A small (<20-base-pair) deletion has resulted in loss of the 
exon-V Mbo II restriction site (Fig. la). No APRT^ rever- 
tants of this cell line ha^e been obtained after screening >10^ 
cells. However, targeted homologous recombination be- 
tween transfection-introduced pi as mid-derived APRT se- 
quences and the defective chromosomal APRT gene in ATS- 
49tg should yield APRT^ (ALAS AO recombinants. To search 
for such recombinants, ATS-49tg cells were transfected with 
Pst Ume&Tized pAG-7 DNA, which shares «2.6 kb of APRT 
sequence homology with the target gene (Fig. Ife), or with 
BamHMinearizcd pSV2gpt DNA, which lacks any APRT 
gene sequences. 

Results of these experiments are summarized in Table 1. 
The two plasmid DNAs yielded comparable frequencies of 
GPT"*^ (HATO transformants, reflecting nontargeted integra- 
tion and expression of plasmid gpt sequences. No APRT^ 
(ALASAO clones were obtained after transfection of ^'lO^ 
ATS-49tg cells with j^amHI-linearized pS V2gpt DNA. How- 
ever, transfection of ATS-49tg cells with Pst Minearized 
pAG*7 DNA yielded APRT^ colonies (presumptive targeted 
recombinants) at a frequency of ~4 x 10"^, The ratio of the 
APRT* and OPT* frequencies (~1:4000) provides a measure 
of the relative frequency of targeted homologous recombi- 
nation versus nontargeted integration of plasmid sequences. 

Southern Blot Hybridization Analysis of APRT^ Recombi- 
nant Clones. To determine the nature of the targeted homol- 
ogous recombination events, DNA samples from 31 indepen- 
dent APRT"^ clones were digested with Mbo IJ and seven 
other restriction enzymes and subjected to Southern blot 
hybridization analysis using full-length (3.9-kb) and 5'- 
end-specific (1.3-kb) APRT probes. APRT^ clones with 
multiple nontargeted integrations of plasmid sequences show 
complex restriction fragment patterns with the fuIMength 
probe, because it detects plasmid-derived APRT sequences 
as well as the targeted chromosomal gene. Hybridization with 
the 1.3-kb (5'-end-specific) APi?r probe allows selective 
identification of fragments containing APRT sequences 
unique to the target gene, greatly facilitating interpretation of 
restriction patterns and deduction of the nature of the re- 
combinational events. Throughout this paper, restriction 
fragments that are hybridized by the 5' -end-specific APRT 
probe will be identified by an asterisk (*). 

Restoration of the exon-V Mbo II site at the ATS-49tg 
chromosomal APRT locus by targeted recombination should 
be accompanied by the reappearance of the *1.5-kb Mbo II 
fragment characteristic of the wild-type (WT) CHO APRT 
gene. Each of the 31 APRT* clones analyzed had indeed 
regained this fragment (as illustrated by six cell lines in Fig. 
2a), The majority of the APRT* clones analyzed (19/31) 
showed simple restriction fragment patterns after with very 
few (<3) or no untargeted integrations. However, 12 clones 
showed more complex patterns reflecting multiple nontar- 
geted integrations of single and/or tandemly arrayed pA()-7 
plasmid sequences, i 



Table 1. Targeted correction of the APRT gene in CHO-ATS-49tg cells ^ - 

APRT* colonies GPT^ colonics 

Plasmid Total cells transfected. Frequency^ Frequenbyt APRT* /GPT* 

vector* no. x 10^^ No. x 10^ Yield* x 10^ Yield* frequency ratio 

pSV2gpt 0,96 0 0 0 1.3, 164 ~ 

pAG-7 1.20 33 4.1 0.Q5 1.6' 201 1:3900 

♦Eight micrograms of BornHMincarizcd pSV2gpt DNA was added to each of 80 dishes («1.2 x 10^ cells per dish); 8 fiz 
of Pst Minearized pAG-7 DNA was added to each of 100 dishes («1.2 x 10* cells per dish). 

tporty hours after treatment with calcium phosphate-precipitated DNAs, two-thirds of each transfected cell population was 
plated into ALAS A selection medium; one-fourth of each transfected cell population was simultaneously plated into HAT 
selection medium. Data are expressed as the frequency of ALASA*^ (APRT+) or HAT' (OPT"*") colonies per transfected 
cell. ' 

^Colonies per microgram of DNA per 10^ transfected cells. 
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Fic. 2. Southern blot hybridization analysis of CHC)-ATS-49tg 
and APRT^ recombinant DN As, following digestion with Mbo II (c), 
Bgl II (fr). or Wmdni (c). Lanes: 1 and 8, CHO'ATS-49lg; 2 and 9, 
clone 8-44; 3 and 10. clone 8-77; 4 and 11, clone 8-11; 5 and 12, clone 
8-35; 6 and 13. clone 8-57; 7 and 14, clone 8-39. Lanes 1-7 were 
hybridized with the full-length 3.9-kb Chinese hamster AFi?! probe; 
lanes 8-14 were hybridized with a 1.3-kb probe that is specific for 
5'-end, chromosomal AJPi?rgene sequences. 

We anticipated that APRT^ recombinants might arise by at 
least two types of recombination events: targeted conversion 
of the chromosomal APRT gent and targeted integration into 
the chromosomal APRT locus (Fig. 3). These two classes of 
recombinants can be distinguished by their diagnostic restric- 
tion fragment patterns. APRT^ recombinants arising by 
targeted conversion will have normal, WT restriction pat- 
terns for all restriction enzymes. APRT^ recombinants aris- 
ing by targeted integration will have diagnostic restriction 
fragment patterns for Bgl II (*6.1 and 5.7 kb), HindUl (*10,3 
and 53 kb), EcoKV (*2.2, *4.6 and 15 kb), and Sac I («*21 
kb). For example, since there are no Sac I restriction sites in 
pAG-7 and the genomic sites Ue well outside of the APRT 
gene sequence, a targeted integration would increase the size 
of the WT *14-kb Sac I fragment to «21-kb, while a conver- 
sion event would leave this fragment unchanged. Both types 
of APRT+ recombinants have been observed. 

Given the nature of the pAG-7 APRT donor sequence 
(which lacks the entire 5' portion of the AP/fTgene, including 
the promoter region and first two exons), we did not antic- 
ipate that it would be possible to recover recombination 
products in which the incoming plasmid sequence had been 
corrected by recombination with the targeted chromosonial 
gene and then integrated elsewhere in the genome. Surpris- 
ingly, this class of recotnbinants accounted for nearly one- 
third of the APRT^ clones analyzed. 

Targeted Conversion of the Endogenous CHO-ATS-49lg 
APRT Gene. The majority of APRT^ recombinants with 
simple restriction patterns (15/19) appeared to have arisen by 



Psti-h'nearized 
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CHO-ATS-49tg 
Chromosomal APRT Locus 
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Product of Targeted Conversion of the CHO-ATS-49tg APRT Gene 



RvBaH 
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Product of Targeted Integration at the CHC>-AT5-49lg APRT Locus 

Fig. 3. Targeted homologous recombination of pAG-7 APRT 
sequences with the CHO-ATS-49tg chromosomal APRT locus, 
showing the predicted targeted conversion and integration products. 
Crossed lines indicate the region where recombination is initiated. 
Conversion and integration, as drawn, represent potential outcomes 
of recombination at this site. Restriction enzyme recognition sites: B, 
BamHh Bg. Bgl U; E, £coRI; Rv. £coRV; H, //i/idlil; Mb. Mbo II; 
?,Pstl, 

targeted conversion of the ATS-49tg A/'/e r locus. Thirteen of 
these clones showed no evidence of nontargeted integration 
of pAG-7 plasmid sequences. Two such recombinants, which 
appeared to contain only a single, WT copy of the APRT 
gene , are shown in Fig. 2 (clone 8-44 in lanes 2 and 9 and clone 
8-77 in lanes 3 and 10). Both clones have a GPT" (HAT") 
phenotype. Both showed loss of the *2.0-kb ATS-49tg Mbo 
II fragment and reappearance of a WT *L5-kb fragment (Fig. 
2a); all other restriction fragment patterns are unchanged. 
Clone 8-11 (Fig. 2, lanes 4 and 11) is an example of a 
recombinant with a targeted conversion of the ATS-49tg 
APRT locus plus a single, nontargeted integration of pAG-7 
elsewhere in its genome. The additional bands present in lane 
4 in Fig. 2 b and c represent novel junction fragments 
produced by the nontargeted integration. Novel junction 
fragments were also observed after digestion with other 
enzymes; such fragments can be detected only with the 
3.9-kb probe. Clone 8-66 (data not shown) reflected two 
nontargeted integrations. Both of these clones have a GPT"^ 
(HATO phenotype. Curiously, of the 12 APRT* recombi- 
nants that showed multiple nontargeted integrations, only 1 
(8-33) appears to have arisen by targeted conversion. 

Targeted IntegraUon at the CHO-ATS-49tg APRT Locus. 
Three APRT^ clones with simple restriction fragment pat- 
terns arose by targeted integration at the APRT \ocu&. Each 
displayed a GPT+ phenotype. Two of these recombinants 
(clones 8-35 and 8-57; Fig. 2, lanes 5 and 12 and lanes 6 and 
13, respectively) showed no evidence of untargeted integra- 
tion of pAG-7 plasmid sequences. The third clone (8-52; data 
not shown) showed a targeted integration plus a nontargeted 
integration of two tandem copies of pAG-7 elsewhere in its 
genome. As shown in Fig. 2b, digestion with Bgl II (which 
does not cut within the APRT gene but cuts once within the 
pAG-7 gpt gene) yields a single *4.7-kb fragment for ATS- 
49tg or APRT* recombinants that have arisen by conversion, 
whereas targeted integrations generate diagnostic *6.1- and 
5.7-kb recombinant fragments. Digestion with HindlU 
(which likewise does not cut within the APRTgtnc but cuts 
once within gpt) yields an *8.5-kb fragment for ATS-49tg or 
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APRT^ convertants, whereas targeted integrations generate 
diagnostic *10.3- and 5.3-kb recombinant fragments (Fig. 2c). 
The extra bands in lanes 5 and 6 of Fig. 2a represent I 
recombinant fragments defined by Mbo 11 sites within the 
targeted APRT locus together with sites in the integrated 
pAG-7 sequences, Addtional evidence of targeted integration 
in clones 8-35, 8-57, and 8-52 was provided by the observation 
of diagnostic EcoKV (*2.2-. *4.6-. and 15-kb) and Sac I 
(*21-kb) restriction fragments (data not shown), Bgl II, 
//mdlll, £coRV, and Sac I restriction fragments indicative of 
targeted integration were also detected in 3 of the 12 APRT^ 
clones that showed multiple nontargeted integrations. 

APRT^ Recombinants That Retain an Unaltered Mutant 
APRT Gene at the Original Chromosomal Locus. Among the 
19 APRT^ clones with simple restriction patterns, 1 clone 
(8-39) did not appear to have arisen by either targeted 
conversion or targeted integration. As can be seen in Fig. 2a 
(lanes 7 and 14), while this clone has regained a *1.5-kb Mbo 
11 fragment indicative of a reconstructed WT AP/^T gene, it 
has not lost the *2.0-kb Mbo II fragment characteristic of the 
ATS-49tg mutant allele. Based upon the restriction fragment 
patterns shown in Fig. 2, as well as information obtained from 
other restriction digests (not shown), it appears that clone 
8-39 has retained an unaltered copy of the ATS-49tg APRT 
gene at the original chromosomal locus yet has somehow 
acquired a second, WT copy of the APRT gene, which has 
integrated elsewhere in the genome. Furthermore, of the 12 
APRT^ clones that showed complex restriction patterns with 
multiple nontargeted integrations of plasmid sequences, 8 
resembled clone 8-39 in that they too had regained a *1.5-kb 
Mbo 11 fragment, characteristic of a reconstructed V^T APRT 
gene, without having lost the original *2.0-kb Mbo 11 frag- 
ment. Each of these recombinants was found to contain at 
least two Sac I fragments that hybridized with the 1.3-kb 
(5'-end-specific)A/*i?Tprobe; a *14«kb fragment correspond- 
ing to that of ATS-49tg and a second fragment of variable size 
that appeared to represent a junction fragment produced by 
random integration of the recombination-corrected input 
plasmid APRT sequence. 

DISCUSSION 

Most studies of targeted homologous recombination in mam- 
malian cells have utilized artificial" transfection- or elec- 
troporation-introduced, chromosomally integrated viral or 
bacterial gene sequences such as the herpes simplex virus 
thymidine kinase (tk) gene or the bacterial neomycin- 
resistance {neo) gene as recombinational targets (8-16). Many 
of the primary transfectants that have been employed in such 
targeting experiments have contained multiple single or tan- 
dem copies of the integrated target sequence (13, 14, 16), 
complicating analysis of recombinants and interpretation of 
the results. Such "artificial" target sequences may or may 
not be representative of a normal mammalian gene locus. 

We have developed an experimentally adaptable system 
that permits analysis of targeted homologous recombination 
at an endogenous mammalian gene in its normal chromo- 
somal context. Our system utilizes a hemizygous mutant 
CHO APRT gene (20-24) as a target locus. APRT is a 
constitutively expressed "housekeeping" gene that codes for 
a purine salvage-pathway enzyme (22). There are good for- 
ward and back selections for this locus (20-23). Hemizygous, 
nonrevertible APRT deletion mutants such as ATS-49tg are 
ideal for use in targeting experiments. The small size of the 
Chinese hamster APRT g^nt (22--24), its convenient distri- 
bution of restriction sites (22-24), and the absence of APRT 
pseudogenes in CHO cells (22) greatly facilitate molecular 
analysis of APRT^ recombinants. Using ATS-49tg as a 
recipient cell line, we have demonstrated targeted correction 
of a nonrevertible APRT deletion mutation by homologous 



recombination of transfection-introduced plasmid APRT se- 
quences with the defective chromosomal gene. 

APRT^ recombinants were obtained in our targeting ex- 
periments at a frequency of =^4 x 10^^, with a ratio of 
targeted recombination to nontargeted integration of 
«1:4000. Ratios ranging from about 1:100,000 to 1:100 have 
been reported in other targeting studies (12-14. 16, 19), The 
efficiency of targeted recombination varies at different loca- 
tions in the genome and with different extents of homology in 
the input plasmid. Song et al, (16) detected targeted recom- 
bination in six out of eight transfectant cell lines with inte- 
grated neo target sequences. Targeted recombination fre- 
quencies varied over a 130-fold range (from 0.04 to 5.3 per 
microgram of plasmid DNA), with ratios of targeted recom- 
bination to nontargeted integration ranging from 1:500 to 
« 1:75. In targeting experiments involving the //FjRT locus in 
mouse embryo stem cells, Thomas and Capecchi (18) ob- 
served ratios of targeted recombination to nontargeted inte- 
gration ranging from 1:40,000 to 1:950. They found the 
efficiency of targeted recombination to be strongly dependent 
upon the extent of shared homology between plasmid and 
target gene sequences, with targeting frequencies ranging 
from ~4 X 10"* for a vector with 4.0 kb of target sequence 
homology to 4.1 X 10"^ for a vector with 9.1 kb of homology 
(18). In comparison, we have obtained targeted recombina- 
tion at a frequency of 4.1 x 10 with a plasmid that carries 
only 2.6 kb of APRT sequence homology. 

In general, molecular analyses of recombinants obtained 
from mammalian targeting experiments have painted a rather 
confusing picture. In experiments utilizing a defective neo 
gene as a target sequence, Thomas et al. (14) obtained only 
gene conversion events. Song et al, (16) obtained gene 
conversion and single-crossover events at approximately 
equal frequencies. In targeting experiments with mouse em- 
bryo stem cells, Doetschman et al (19) recovered two 
recombinants that appeared to have arisen by a simple 
crossover, while three others reflected crossover accompa- 
nied by gap repair or gene conversion. In "knockout" 
experiments employing sequence-replacement vectors, 
Thomas and Capecchi (18) observed only gene conversion 
events; when sequence-insertion vectors were used, approx- 
imately three-fourths of the recombinants arose by targeted 
integration of the vector sequences at the HPRT locus. A 
mechanistic association between gene conversion and cross- 
ing over is a common feature of recombination models 
derived from studies of meiotic recombination (31, 32). 

We have observed three types of recombination events in 
the APRT"^ recombinants obtained from our targeting exper- 
iments. Most of these recombinants had simple restriction 
fragment patterns, with few or no untargeted integrations of 
pAG-7 plasmid sequences. Of the 31 independent APRT"^ 
clones analyzed, 16 arose by targeted correction (conversion) 
of the endogenous APKTgene by homologous recombination 
with plasmid donor APRT sequences. Six recombinants 
appeared to be the products of single crossovers (reciprocal 
exchanges) that resulted in targeted integration of the plasmid 
sequences at the APRT locus. Each of the 9 remaining 
APRT"^ clones retained an unaltered copy of the ATS-49tg 
AFRT gene, at the original chromosomal locus, plus a sec- 
ond, WT copy of the APRT gene, which had integrated 
elsewhere in the genome. 

We are particularly intrigued by the third class of recom- 
bination events. Although correction and subsequent inte- 
gration of a defective plasmid gene with an internal deletion 
have been observed in other studies (14, 16), we did not 
anticipate such events in our experiments because the pAG-7 
plasmid Af/?r sequence lacked the entire 5' half of the APi??' 
gene. Meiotic recombination models (31, 32) require homol- 
ogy on both sides of a double-strand break, gap, or mutation 
to effect correction by homologous recombination. Since the 
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donor plasmid in our experiments carried a truncated, 5'; 
end-deleted APRTgtti^ fragment that was not flanked on its 
5' side by any sequences homologous to the chromosomal 
APRT Xzxgti sequences, it should not be a suitable substrate 
for correction by recombination. Nevertheless, in nine 
APRT^ recombinants, this truncated plasmid APRT gene 
segment appears to have been converted to a complete, 
functional APRT %tu^. which would require the duplication 
and recombinational acquisition of -2 kb of chromosomal 5' 
AP/?r sequences. 

We can envision at least two mechanisms by which such 
recombinants could have been generated: (0 one-armed, 
3'-0H strand invasion into the chromosomal APRT gene 
duplex by the Pst Minearized plasmid A/»/?rDNA sequence, 
followed by elongation of the invading strand usmg a chro- 
mosomal APRT strand as a template, with branch migraUon 
and lagging-strand synthesis to generate a complete APRT 
gene on the plasmid duplex; or (I'O homologous recombina- 
tion between input plasmid APRT sequences and an extra- 
chromosomal. circular-DNA copy of the ATS-49tg APRT 
gene. The first mechanism would closely resemble the jom- 
copy" replication pathway that has been described in phage 
T4 in which replication forks are initiated from recombina- 
tional intermediates (33). The second mechanism is suggested 
by studies that have demonstrated the ubiquitous presence of 
heterogeneous populations of extrachromosomal, small poly- 
disperse circular (spc) DNAs in the cells of higher eukaryotes 
(34 35) These spcDNAs are derived from chromosomal 
DNAs and range in size from -0.15 to >250 kb (34, 35). Their 
heterogeneity and sequence complexity suggest that they are 
probably generated by multiple mechanisms (34-38) and that 
they may represent random samples of chromosomal DNA 
(35. 36). Wiberg et al (38) observed a 5-fold increase m the 
levels of spcDNA in mammalian cells after calcium phos- 
phate-mediated transfection; the new spcDNAs appeared to 
be derived from cellular DNA, Additional expenments will 
be required to distinguish between these alternative mecha- 
nisms. 
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Fiber Genes of Adenoviruses with Tropism for the Eye and the Genital Tract 
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We have characterized the fibergenes of adenovirus type 19p (Adl9p), Ad19a, and Ad37 by sequencing. The fiber genes 
of Ad19a and Ad37 areidentical and only five amino acids differ comparing Ad19a/Ad37 with Adl9p. Based on the translated 
sequences we calculated the isoelectrical points (Ips) and found that the fiber knobs of Ad19p. Ad19a. and Ad37 together 
with Ad8 display the highest Ips of all so far characterized. Two regions within the fiber knob with unusually basic characteris- 
tics have been identified. Sequence alignments revealed that the corresponding regions in other fiber knobs are highly 
antigenic in pepscan analysis and of importance for hemagglutination. Only two positions differ In the knobs comparing 
Ad19a/Ad37 with Ad19p. Hence, either of these or both amino acid residues should be expected to be responsible for the 
observed differences in hemagglutination between Ad19p and Adl9a/Ad37. Moreover, we have found two ammo acids 
(Ala227 and Lys^sz) that are unique in their respective position in Ad19p. Ad19a, Ad37. and Ad8. Three ammo acids (Lys236. 
Lys24o. and Asnzsi) are unique In their respective position in Adi 9a and Ad37. that manifest a tropism for the genital tract. 
All five amino acids colocalize within one of the two basic regions. © 1997 Academic Press 



Subgenus D adenovirus serotypes 8, 19a, and 37 have 
frequently been reported as the major cause of epidemic 
keratoconjunctivitis (EKC) (7-7). Ad19a has been shown 
to be distinct from Adl9p (8). Adl9p, has not been shown 
to cause illness in man since its original isolation in 
Saudi arabia in 1955 (9, 10), In addition, Ad37 and Adl9a 
have been reported to cause sexually transmitted uro- 
genital infections that sometimes coincide with EKC (77- 
76). Adenovirus associated conjunctivitis is primarily 
caused by Ad9, Adl5, Ad3. and Ad4. This infection is 
frequently associated with an infection in the upper respi- 
ratory tract causing pharyngoconjunctival fever (PCF) 
(17-19). 

The different tropisms of these adenoviruses are re- 
flected in their hemagglutination pattern: Ad8, Adl9a, and 
Ad37 agglutinates dog and guinea pig erythrocytes more 
efficiently than Ada Adl5, Ad3, and Ad4 (7, 20. 21). 

The fiber mediates the primar/ contact with so far 
unknown cellular receptor(s) (22-26), while the penton 
base links the fiber to the virus particle (27, 28) and is 
suggested to be of importance in the second step of 
infection, the internalization (29-32). 

Ad5-based vectors predominate in studies evaluating 
the feasibility of adenovirus vectors in gene therapy. We 
have demonstrated that subgenus D adenoviruses mani- 
fest affinity for the genital tract. They might consequently 
be used to deliver genes to the genital mucosa. To eluci- 
date the specificity of the fibers of adenoviruses beiong- 

^ To whom correspondence and reprinl requests should be ad- 
dressed. Fax: 46 90129905. 



ing to subgenus D, we have sequenced the fiber genes 
of Ad19p, Adl9a, and Ad37. 

Virus strains GW (Ad37), 587 (Adl9p), and ME (Adl9a) 
were propagated in A549 cells and viral DMA was ex- 
tracted from infected cells according to the method re- 
ported by Shinagawa and coworkers (33). Since the fiber 
genes of Ad37 and Adl9a are identical it is important to 
mention that the work with Ad37 and Adl9a, i.e., propa- 
gation of virus DNA, digestion of viral DNA by restriction 
enzymes revealing unique RE-patterns, PGR, and se- 
quencing were performed 3 months apart, which mini- 
mized the risk for contamination, The genomes were di- 
gested with femHI, BglW, Sad, Sail, and Smal (Promega 
and Boehringer Mannheim) and compared with pre- 
viously published restriction enzyme maps to ensure the 
correct identity of the viral DNA (data not shown). From 
the genome of each type, fiber genes were amplified 
according to Allard and coworkers (34) (data not shown). 
Primers Fl, 5'-AAGGGATGTCAAATTCC-3', and RT 5'- 
CTGGTGGTGGGAGA-3', were based on those used by 
Pring*Akerblom and Adrian (35). 

Three Adl9p-, three Adl9a-, and three Ad37 fiber amp- 
limers were cloned into pT7Blue vector (Novagen) with 
T4 DNA Ligase (New England Biolabs). Sequencing was 
performed according to the instructions of Pharmacia 
Sequencing kit and ALF equipment. Fluorescent primers 
were constructed from conserved regions flanking sub- 
genus D adenovirus fibers. Both strands of three fiber 
amplimers from each type was sequenced in order to 
establish DNA sequences and avoid possible errors 
made by the enzyme. The sequencing data was analyzed 
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FIG. 1. Amino acid sequences of Ad19p, Adl9a, and Ad37 fiber polypeptides divided In a N-terminal tail, a shaft composed of eight repeated 
motifs and a C-terminal knob. In the shaft, hydrophobic residues are Indicated by circles, and the conserved prolines/glycines in position a5 (37) 
are underlined and written in italics. The five amino acid residues that differ between Ad19p and Adl9a/Ad37 are indicated by arrows. The upper 
amino acids of these five represent the Ad19p fiber, while the lower represent the Adl9a/Ad37 fiber. All potential -N-"X"-T/S-linked glycosylation 
sites found in the fibers are boxed. 



and aligned with Lasergene software (DNASTAR), which 
was also used to compute the isoelectric points of the 
amino acid sequences. 

The nucleotide sequence data reported in this paper 
have been submitted to the GenBank nucleotide se- 
quence database and have been assigned Accession 
Nos, U69130 (Adl9p fiber), U69131 (Adl9a fiber), and 
U69132 (Ad37 fiber). 

The length of all three fiber genes is 1098 bp while 
the fiber polypeptides comprise 365 amino acids (Fig. 1). 
The genes encoding the fibers in Adl9a and Ad37 were 
found to be identical. This could be the consequence of 
a recent recombination event. This hypothesis is sup- 
ported by the epidemiology shown by these types: Ad1 9a 
was discovered in 1973 and was frequently isolated dur- 
ing 1973-1977 [8), while a new adenovirus causing EKC 
emerged in 1976 {36} and was demonstrated to be a new 
adenovirus type 37 (36, 37). However, we can neither 
prove that Ad37 has emerged after a recombination event 
nor exclude the possibility. The overall homology be- 
tween the fibers of Adl 9p vs Ad37/Adl 9a is 98.4% at the 
amino acid level (Table 1). Three of the discordant amino 



acids are located to the shaft and two amino acids to 
the knob. 

In conformity with other fibers, the fibers of Adl9p, 
Adl 9a, and Ad37 could be divided into an N-terminal tail, 
a shaft with eight repeated motifs with a described 
sheet//9-turn model (38), and a C-terminal knob. Several 
consensus sequences in the fiber polypeptides of Adl 9p, 
Adl 9a, and Ad37 have been identified, which are consis- 
tent with data presented about other adenovirus fibers, 
In the tail we identified three conserved regions. -K-R-L- 
K- was proposed to be involved in guiding the fiber into 
the nucleus (39, 40j. The intercalated region -F-N-P-V-Y- 
P- was suggested to be the pentonbase interaction do- 
main (27), and the most C-terminal conserved domain 
-Y-A-R-N-Q-N-l- was suggested to be a subgenus-spe- 
cific region (35), The tail/shaft junction -G-V-L-S-L- and 
the shaft/knob junction -T-L-W-T- are also conserved. 

In the knob we identified the suggested inter-subge- 
nus-specific determinant (C and D) represented by the 
amino acid sequence -L-T-K-C G S-Q- (38). The con- 
served region -A-"XX"-F-M-P-"XXX"-A-Y-P- has been sug- 
gested as a contributor to the formation of the secondary 
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TABLE 1 

Nucleotide and Predicted Amino Acid Sequence Homologies for Subgenus D Adenovirus Fibers 



Tail 



Shaft 



Knob 



Overall 





DNA 


Protein 


DNA 


Protein 


DNA 


Protein 


DNA 


Protein 


Ad37 vs Ad19a 


100 


100 


100 


100 


100 


100 


100 


100 


Ad37/Adl9a vs Adl9p 


100 


100 


99.3 


97.7 


99.1 


98.9 


99.3 


98.4 


Ad37/Ad19a vs Ad8 


93.8 


90.7 


54.0 


47.5 


80.6 


82.8 


71.4 


70.2 


Ad37/Ad19a vs Ad9 


99.2 


97.7 


54.4 


49.6 


78.1 


82.8 


71.5 


71.9 


.Ad37/Adl9a vs Ad15 


97.7 


95.3 


50.7 


51.4 


55.4 


51.1 


59.3 


56.0 


Ad19p vs Ad8 


93.8 


90.7 


53.7 


47.5 


81.5 


83.8 


71.8 


70.2 


Ad19p vs Ad9 


99.2 


97.7 


54.0 


49.6 


79.1 


83.8 


71.7 


71.9 


Ad19p vs Ad15 


97.7 


95.3 


50.5 


51.4 


54.6 


52.0 


58.8 


56.0 



Note. DNA- and amino acid-homologies are obtained tl^rough Lasergene software. 



Structure (47) which is compatible with the location, bur- 
ied between the major receptor-facing sheet (/5-sheets 
G, H, I, and D), and the virus-facing sheet (y^-sheets J, C, 
B, and A) in the knob (Fig. 3). Four and five possible N- 
linked glycosylation sites (-N-"X"-S/T) were found in the 
fibers of Ad19p and Ad37/Adl9a, respectively, and all 
were localized to the knobs (Fig. 1). 

The Ips have been derived from the amino acid-se- 
quence of the tail, the shaft, the knob, and the whole 
fiber by computer analysis (Table 2). The knob of Ad8, 
Ad19p, Ad19a, and Ad37 display the highest Ips. The 
comparison of the values of the Ips in the knobs of ade- 
noviruses with a manifested tropism for the cornea (Ad8, 
Adl9p, Ad19a, and Ad37; Ip = 8.5-9.1), with adenovirus 
regions with tropism for the conjunctiva rather than the 
cornea (Ad9 and Adl5; Ip = 6.6; Ad3, Ad4, Ad7, and 
Adlla; Ip = 5.2-5.7), revealed significant differences. 

In AdS, the knob comprises 35% /^-sheets and 65% 
loops and turns (47). The loops are less conserved and 
shape the outer surface of the protein, while the ^-sheets 
maintain the secondary structure. Since the ^-sheets to- 
gether with thetail/shaftjunction and theshaft/knobjunc- 
tion are conserved between the members of all subgen- 
era, it has been proposed that the overall structure of 
the fibers is preserved across the genus (47). We have 
therefore adapted the structure of the sheets and loops 
in the knob of AdS to the knobs of Adl9p, Adl9a, and 
Ad37, in order to localize specific regions in these struc- 
tures of the knobs of Adl 9p, Adl 9a, and Ad37, that corre- 



late to the highly basic values of the entire knobs. In 
this way, we have localized two basic regions in Ad19p, 
Adl 9a, Ad37, and AdB, to the immediate center of the 
top of the trimer (region 1; Fig. 2A), and to the surface 
running along the side of each monomer (region 2; Fig. 
2B), The regions are hereby exposed and consequently 
potent to interact with cellular receptors. 

Subsequently we addressed the question whether a 
specific domain of the knob could be responsible for 
these differences. Two knob regions of potential interest 
with highly basic characteristics were found. Region one 
is located between the conserved amino acid triplet 
Ala292-Tyr293-Pro294 and a conserved Proline (Pro32o), and 
enclose 19-36 residues depending on serotype (Fig. 2A). 
This region is antigenic {42} and of importance for agglu- 
tination of monkey or rat erythrocytes [43). Each group 
with a specific HA-pattern has preserved certain resi- 
dues in this region which may be involved in the hemag- 
glutination. Among members of subgenus D, the amino 
acids KKX(i,2)AX(2,3)IVX(o-i)GX(2)YLXGX(3)Q were conserved, 
where Xq symbolizes the number of inserted noncon- 
served amino acids. The members of subgenus C and E 
have the amino acids TXKXNIVXQVYX{2)GDXK conserved, 
subgenus A and F adenoviruses have the amino acids 
SEX(i.3)QX(i 3)LTYX(o,2)LQGD conserved, while subgenus B 
has the amino acids EXYIXGXCXY conserved. Compari- 
son of isoelectric points in knob region one with the 
hemagglutination properties of the respective virus re- 
sults in distinct patterns: subgenus A, C, D, E, and F 



TABLE 2 

Isoelectric Points of Adenovirus Fibers and Fiber Components 



Domain 


Ad37 


Adl 9a 


Adl9p 


Ad8 


Adl 5 


Ad9 


AdS 


Ad4 


Ad7 


Adlla 


Overall 


8.97 


8.97 


8.53 


8.48 


8.22 


6.08 


6.02 


5.47 


5.17 


5.01 


Tail 


8.64 


8.64 


8.64 


8.70 


4.58 


6.32 


5.57 


6.38 


4.70 


5.57 


Shaft 


7.15 


7.15 


7.08 


5.69 


9.21 


5.80 


7.98 


5.29 


4.93 


4.85 


Knob 


9.08 


9.08 


8.50 


8.95 


6.59 


6.56 


5.31 


5.70 


5.61 


5.23 



Note. '\he isoelectric points are shown in loglO values and are obtained through Lasergene software. 
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Virus Sub- Alkaline/ Ip HA>pattem 

ganuB Acidic Rat Monkey 

Residuee 



Adl2 


AYPRPNASSA- 




A 


3/2 


8.69 


+/- 




Ad31 


AYPRPNAGEA- 


KSQMLSQTYLQGDTTK- - - P 


A 


3/2 


8.69 


♦/- 


- 


Ad3 




B 


1/2 


5.41 




+ 


Ad7 


AYP F- 


-NVNSRBKENYIYGTCYYTAS -DHTAFP 


B 


2/3 


5.54 


_ 


+ 


Adl6 




B 


1/4 


3.83 


- 


+ 


Ad21 


AYP -P- 


-HTTTRDSBNYIHOICYYMTSYDRSLVP 


B 


2/3 


5.45 


- 


+ 


Adllp 


AYP F- 


-HDNSRBKBHYIYGTCYYTAS -DRTAFP 


B 


3/4 


4.64 


- 


+ 


Adlla 


AYP F- 


-NNNSREKKNYIYGTCHYTAS - DHTAFP 


B 


2/3 


6.30 


U 


- 


Ad34a 




-NDNSRBKBNYIYOTCYYTAS -DHTAFP 


B 


2/4 


4.63 






Ad3S 




-NTTTRDSSHYIHGICYYBCTSYDRSLFP 


B 


V3 


5.45 


- 


+ 


Ad2 


AYPKTQSQTA- 


KHHIVSQVYLBODKTK- - -P 


C 


4/1 


9.74 




- 


AdS 


AYPKSHGKTA- 


KSVIVSQVYLNCmXTK- - - P 


C 


5/1 


9.91 




- 


Ad9 


AYPKPTA6S-- 


KKYARDIVYCmtYLOGKPDQ- - - P 


D 


5/2 


9 .60 


+ 




Adl5 


AYPKIIKSTTVPKNKKSSAKKTIVGNVYLBGHAQQ- - - P 


D 


5/2 


9.64 


♦ 


+ /- 


Ad8 


AYPKPTTOS-- 


KKYARDIVYGNIYLGGKPHQ- - - P 


D 


5/1 


9.83 




+ /- 


AdlSp 


AYPKPSN-S-- 


KKYARDIVYGTI YLGGKPDQ P 


27 


5/2 


9.58 




+/' 


Adl9a 


AYPKPSN-S-- 


KKYARDIVYGTIYLGGKPDQ- 


D 


5/2 


9.58 




+/' 


Ad37 


AYPKPSM-S-- 


KKYARDIVYOTIYLOGKPDQ- - - P 


D 


5/2 


9.58 


♦ 


+ /- 


Ad4 


AYPKTQSSTT- 


KNNIVGQVYMNGDVSK - - - P 


B 


3/1 


9.46 


+* 




Ad40-1 


RYP -- 


- NEKGSEVQNMALTYTPLQGD P 


F 


2/3 


4.56' 


\*'- 




Ad40-2 


VYP 


-RNKTADPGNM LIQIS P 


P 


2/1 


8.86 . 




Ad41-1 


RYP - 


- NQR6SEVQHMALTYTPLQ6D P 


F 


2/2 


6.31' 






Ad41-2 


VYP 




P 


2/0 


10.05 . 





B 



Virus 



Adl2 
Ad31 

Ad3 

Ad7 

Adl$ 

Ad21 

Adllp 

Adlla 

Ad34a 

Ad35 

Ad2 
AdS 

Ad9 

AdlS 

Ad8 

Adl9p 

Adl9a 

Ad37 

Ad4 



KGNLLNIQSTTTT VGVHI.VPDE 

XGDLUIXQPTTTT V6LHLVFDR 



SDYVNTLFKMKNVS-- 
SNDFMMLTTHKMIK- ■ 
SEYTHTLFKNNQVT - 
SDTVNQMFTQKSAT- - 
SNNFNMLTTHRNIl!!- 
SNNFNIILTTYRNIN- - 
SNNFHHLTTRRNIN- < 
SDTVNQHFTQKTAM- < 



-IMVELYFDA 
-FTABLFPDS 
-IBVNLAFDH 
-IQLRLYFDS 
-FTABIiFFDS 
-FTABLFFDS 
-FTABLFFOS 
-IQLRLYFDS 



-GDLSSMTGTVAS VSIFI.RPDQ 

-GSLAPISGTVQS AHLIIRPDE 

DOKYKIUmNTQPALKGFTIKLLFDE 
KGTYATVDKMT- -TNKQFSIKLLFDA 
AjSRYKXINNNTHPALKGFTXKLLPI]^ 
P@IKSFTIKLLl4 
PPfEKSFTlKLLH 
IKSFTIKLLfi 

SGNLHPITGTVSS AQVFLRFDA 




Ad4 0-1 XGTZ.LKPTA5FZS FVMY- -FYS 

Ad40-2 KGALRBMNDHALS VKX. 

Ad41-1 KGILLRPTASFIS FVMY--FYS 

Ad4 1-2 KGALRENHDNALS LKL 



Sub- 
genus 



A 
A 

B 
B 

B 
B 
B 
B 
B 
B 

C 
C 

D 
D 
D 
D 
D 
O 



F 
F 
F 
F 



Alkaline/ 

Acidic 

Residues 



IP 



HA-paCtern 
Dog Guinea 
Pig 



1/2 


5.41 






2/2 


7.32 






2/3 


4.36 






1/3 


4.36 






1/3 


3.78 






2/2 


6.10 






1/2 


5.41 






1/2 


4.18 


U 


U 


1/2 


5.41 


(J 


U 


2/2 


6.10 






1/2 


3.92 






1/2 


5.4i 






4/3 


8.62 


+ 


♦/- 


4/2 


9.44 






5/1 


10.19 




+ 


5/1 


10.02 






6/0 


10.41 


+ 


+ 


6/0 


10.41 


+ 


+ 


1/1 


6.01 






2/0 


9.591 






3/2 


8.84 J 






2/0 


9.77 y 






3/2 


8.84 J 







FIG. 2. Basic knob region one (A) and two (B) in Ad19p, Ad19a. and Ad37 compared to the corresponding regions in other adenovirus fiber knobs. 
The regions in each fiber are delineated by the N-terminal conserved -"X"-Y-P- and at a C-terminal proline (region one) and by the only two residues 
that are unique only within AdS. Ad19p, Adl9a, and Ad37 {region two), from a homology alignment using the whole fiber polypeptides. These regions 
are then aligned a second time to obtain maximum homology. The following characteristics are presented: the subgenera, the relationship between 
strongly basic (L [Lys] and R [Arg]) and strongly acidic (D [Asp] and E [Glu]) amino acids, the isoelectric point (Ip) in the region represented by log 
values and the hemagglutination pattern (HA). "+" indicates complete HA; Indicates incomplete HA; "+/-" indicates weak HA; and "~" indicates 
no HA at all. U indicates that the HA is unknown. The HA-pattern obtained from each subgenus F adenovirus (containing two fibergenes) is indicated 
after the brackets. HA data are obtained from (7, 20, 21). 
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FIG. 3. Localization of the two basic regions within the stereo ribbon diagram derived from the crystal structure of the Ad5 fiber knob protein. 
The diagram is viewed down the threefold symmetry axis toward the virus surface. The uppercase letters are marked according to the suggestions 
and sequence alignment of Xia and coworkers (40). 



all agglutinate rat erythrocytes but in different fashions: 

subgenus D displays complete agglutination, subgenus 
C and E display incompleLe agglutination, and subgenus 
A and F display hardly discernable agglutination. On the 
other hand, subgenus B adenoviruses manifest complete 
agglutination of monkey erythrocytes, whereas rat eryth- 
rocytes are not agglutinated (Fig. 2A). It should be noted 
that Adila which does not display agglutination of mon- 
key erythrocytes display the highest Ip in region one 
among subgenus B adenoviruses (Fig. 2A). Subgenus F 
adenoviruses expose two fibers, one of which is basic 
and the other more acidic in this domain. This leads us 
to suggest that the more basic fiber may serve as ligand 
to rat erythrocytes, mediating the hardly discernable 
hemagglutination of rat cells. In conclusion, even though 
a high Ip seems to facilitate agglutination of rat erythro- 
cytes, it does not have to be the only requirement In 
addition, a high Ip seems to impair the ability to aggluti- 
nate monkey erythrocytes, but we cannot exclude that 
additional factors are involved. Similarly, a low Ip seems 
to be a prerequisite for agglutination of monkey erythro- 
cytes and hampers agglutination of rat erythrocytes. 
The second knob region is located between residues 



Aia227-Lys252 and distinctly separate subgenus D and F 
adenoviruses from the rest, regarding the isoelectric 
point of this region (Fig. 2B). Ad8, Adl9p, Adl9a, and 
Ad37 displayed the highest Ip of all in this region. The 
domain comprised 5:1 (basic vs acidic amino acids) in 
Ad8 and Ad19p, and 6:0 in Ad37 and Adl9a. In Ad2, knob 
region two has proven to be highly antigenic in pepscan 
analysis [42), using both monoclonal and polyclonal anti- 
bodies, especially the domain that covers the amino 
acids Asn25i and Lys252 in the knobs of Ad19p, Ad19a, 
and Ad37. A low Ip in knob region two coincides with a 
complete lack of agglutination of dog and guinea pig 
erythrocytes, whereas a high Ip usually coincides with 
an ability to agglutinate the same erythrocytes. Appar- 
ently, high Ips of the knob region is a necessary but 
probably not a sufficient prerequisite for agglutination of 
dog and guinea pig erythrocytes, 

Using maximum homology alignment we were able to 
identify two residues in the knobs of Ad8, Ad19p, Adl9a, 
and Ad37 (Ala292 and Lys32o), which are unique when 
compared with the knob sequences of other adenovi- 
ruses (Fig. 28). Surprisingly, these two residues localize 
to each side of the above described ^-sheet D In region 
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two. Further analysis revealed five residues, nonsynony- 
mous in the respective position, in the knobs of Adl9a 
and Ad37. Three of these colocalize within region two. 
Two of these three reside in the CD-loop (LyS236. Lys24o; 
Figs. 1 and 3) and one at the immediate end of the D /?- 
sheet (Asn25i). The remaining two amino acids (Ala265 
and Asn275) reside at the middle of the long DG-loop, 
facing the shaft rather than the environment (Fig. 3). No 
other amino acid residue that represents a nonsynony- 
mous change compared to all other sequenced adenovi- 
ruses has been found. Glu/Lys240 (Adl9p/[Adl9a/Ad37]) 
in region two are together with Asp/Asn34o (Ad19p/ 
[Adl9a/Ad37]; Fig. 1). the only amino acids that distin- 
guish the knob of Adl9p from the knobs of Ad19a and 
Ad37 and are probably responsible for the characteristic 
differences in hemagglutination between these adenovi- 
ruses (Fig. 2B). Based on the basic characteristic of the 
knobs or specific domains of the knob, conserved non- 
synonymous amino acids in region two in fiber knobs 
expressed by adenoviruses with a common tropism, the 
compatibility of the regions with hemagglutination pat- 
terns, and previously presented data proving knob region 
one in subgenus B2 adenoviruses to be of importance 
for hemagglutination [43), we suggest fiber knob region 
one and two in Ad8, Ad19p, Ad19a, and Ad37 to be of 
importance for hemagglutination and interaction with cel- 
lular receptor(s). To explain some of these features, we 
propose a model in which the charge of the fiber knob 
may be critical for enabling the fiber knob to approach 
the receptor region of the cellular receptor. 
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ABSTRACT Human adenoviruses (Ads) are attracting 
considerable attention because of their potential utility for gene 
transfer and gene therapy, for development of Uve viral 
vectored vaccines, and for protein expression In mammalian 
cells. Engineering Ad vectors for these applications requires a 
variety of reagents in the form of Ads and bacterial plasmids 
containing viral DNA sequences and requires different strat- 
egies for construction of vectors for different purposes. To 
simplify Ad vector construction and develop a procedure witti 
maximum Hexibility, efficiency, and clonfaig capacity, we have 
developed a vector system based on use of Ad5 DNA sequences 
cloned in bacterial plasmids* Expanded deletions in early 
region 1 (3180 bp) and early region 3 (2690 or 3132 bp) can be 
combined in a single vector that should have a capacity for 
inserts of up to 8.3 kb, enough to accommodate the m^ority of 
cDNAs encoding proteins with regulatory elements. Genes can 
be inserted into either early region 1 or 3 or both and mutations 
or deletions can be readily introduced elsewhere in the viral 
genome. To illustrate the flexibility of the system, we have 
introduced a wUd-type early region 3 into the vectors, and to 
iUuslrate the high capacity for inserts, we have isolated a vector 
with two genes totaling 7.8 kb. 



Construction of adenovirus (Ad) vectors involves insertion of 
foreign DNA into the Ad genome, usually with compensating 
deletions in early region 1 (El) or early region 3 (E3). El is not 
required for viral replication in 293 cells (1), which express the 
left 11% of the Ad5 genome. For viral viability, deletions in this 
region must not affect the inverted terminal repeat (ITR; W03 
bp) or packaging signals (194-358 bp) (2-5). In addition, 
deletions should not extend into the coding sequences for 
protein IX, which is essential for packaging of full-length 
genomes into functional virions (6). Since Ad vinons can 
package «105% of the wild-type (wt) genome length (7), 
deletions of up to 2.9 kb in El (8-10) permit construction of 
defective vectors with inserts up to 4.7-4.9 kb. 

E3 is nonessential for viral replication in any normally 
permissive human cell and can be deleted to produce non- 
defective vectors (11, 12). Deletions in E3 presumably cannot 
extend into essential virion structural genes, pVIII and fiber, 
flanking this region. Several E3 deletions have been used for 
vector construction, the most common resulting from re- 
moval of 1.88 kb of E3 sequences between Xba I sites at 79.6 
and 84.8 map units (mu) in the Ad5 genome (11 , 12), providing 
a capacity for inserts of 3,7-3.9 kb. 

Among current methods for generating Ad vectors (8), 
there is no simple procedure for generating vectors with both 
El andE3 deletions. To construct AdS vectors that combine 
El and E3 deletions or substitutions and to simplify Ad 
vector production, we have developed a methodology based 
on a series of bacterial plasmids (pBHG) containing most of 
the viral genome in circular form but lacking the DNA 
packaging signals. In this paper, we describe this system and 
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its use to generate vectors with a wt E3 region or with inserts 
of up to 7.8 kb of foreign DNA in the El region. 

MATERIALS AND METHODS 
Construction of Recombinant Plasmids. Plasmids con 
stnicted by standard protocols (13) were used to transform 
Escherichia coli DH5 (13) by electroporation (14) or E. coli 
HMS174 by using CaCl2. Plasmid DNA was prepared by the 
alk^inc lysis method (15) and purified by CsCl-ethidium 
bromide density gradient centrifugation. 

Cells and Viruses. Cell culture media were obtained from 
GIBCO. Ad vectors were propagated and titered on 293 cells 
as described (16). Recombinant viruses were isolated by 
cotransfection of 293 cells with appropriate plasmids or viral 
DNA (17). After 8-10 days, plaques were isolated and 
expanded, and viral DNA was analyzed by restriction en- 
zyme digestion as described (12, 16). p^SjMethionine label- 
ing, immunoprecipitation, and SDS/PAGE were carried out 
as described (16, 18). Densitometry was performed using tiie 
LKB Ultroscan XL enhanced laser densitometer. 

RESULTS 

Generation of ttie Plasmid pBHGlO. In developing the 
strategy to be described, advantage was taken of previous 
observations made by ourselves (10, 12, 19-21) and other 
investigators (2, 11, 22-24). One key finding is the fact that Ad 
DNA can circularize in infected cells (19) and that this 
phenomenon can be exploited to generate infectious circular 
Ad genomes that can be propagated as bacterial plasmids (10, 
20, 21). Secondly, it has been shown that the cotransfection 
into mammalian cells of two plasmids with overiapping 
sequences can generate infectious virus with good efficiency 
(11, 12, 21). The third finding important to this strategy is that 
Ads carry a cis-acting sequence in the left end of the genome 
that is essential for encapsidation of viral DNA (2, 22-24). 
When this cis-acting signal, located from bp 194 to 358 in Ad5 , 
is deleted, viral genomes cannot be packaged but are ex- 
pected to replicate their DNA in transfected cells (2-5). 

These findings led us to design and execute the strategy 
outiined in Fig. 1. The first step involved the construction of 
AdBHG, a virus that contains the Ad5 genome with the 
deletion of E3 sequences firom bp 28,133 to 30,818 and the 
insertion of modified pBR322 at b^ 1339. AdBHG was made 
by cotransfection of 293 cells with purified viral DNA from 
AdSPacI, digested with Cla I and Xba I, and pWH3. 

The next step involved the generation of a bacterial plas- 
mid containing the entire AdBHG genome and subsequent 
identification of infectious clones. Baby rat kidney (BRK) 
cells were infected with AdBHG under conditions that result 
in the generation of circular Ad5 genomes (10, 19). At 48 h 
after infection DNA was extracted from the infected BRK 



Abbreviations: Ad, adenovirus; El and E3, early regions 1 and 3, 
respectively; wt, wild type; ITR. inverted terminal repeat; mu, map 
unil(s); ApS ampiciUin resistance; Tet', tetracycline resistance; Kn^ 
kanamycio resistance; HCMV. human cytomegalovirus; HSV-1, 
herpes simplex virus type 1. 
^o whom reprint requests should be addressed. 
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FIG. 1. Construction of pBHGlO. pWHl (not shown) was con- 
structed from the plasmid pKHl88 (25 , 26) (derived by insertionaJ 
mutagenesis of the Bl A region in pKUlOl resulting in the introduc- 
tion of a BamHl site at bp 188 in the Ad5 genome) by inserting pBRX 
(27) (a pBR322 derivative with an Xba I site at nt 2066) into the Xba 
I site at bp 1339 in Ad5 sequences. pWHl was then combined with 
pXC38 (25) to include Ad5 sequences from 5.7 to 16.1 mu, generating 
pWH3. Ad5PacI [derived by cotransfection of 293 cells with pFG173 
(18) and pAB14Pacl, a modification of pAB14 (7) that substitutes a 
Pac I cloning site for 2.69 kb of £3] was digested with Cla I and Xba 
I and cotransfected into 293 cells with pWH3 to generate AdBHG. 
In the next step, the AdBHG genome was circularized by infecting 
BRK cells at multiplicity of infection of «20 under conditions that 
result in the generation of circular AdS genomes (10, 19). At 48 h after 
infection, DNA was extracted from the infected BRK cells and used 
to transform E. coli HMS174 to Ap"^ and Tet^ Small-scale plasmid 
preparations were made from the colonies obtained and screened by 
Hindlll and BamHl/ Sma I digestion followed by gel electrophoresis 
(data not shown). Four candidates that appeared to possess a fiill 
AdBHG genome with intact junction regions were tested for infec- 
tivity and sequenced in the region of the junction. A single infectious 
clone was chosen, pBHG9. In the final step, the packaging signals 
were deleted from pBHG9 by partial BamHl digestion and religation 
generating pBHGlO. mu refers to Ad5 sequences, solid bars repre- 
sent AdS sequences, and hatched bars represent Ap^ Kn', and Tet^ 
segments. 

cells and used to transform E. coli HMS174 to ampicillin and 
tetracycline resistance (Ap"^ and T6t^ respectively). From 
two experiments, plasmid DNA from a total of 104 colonies 
was screened by Hindlll and BamHl/ Sma I digestion and gel 
electrophoresis (data not shown). Four candidate plasmids 
that appeared to posses a complete AdBHG genome were 
selected and all four were found to be infectious when 
transfected into 293 cells (data not shown). Since large 
palindromes, like that created by head to tail joining of the 
ITRs in these clones, are not compatible with plasmid rep^ 
lication in most strains of £. coli and result in rearrangements 
or deletions that disrupt the palindrome structure (10, 28, 29), 
the ITR junctions in each of the infectious clones were 
sequenced and analyzed. The number of nucleotides missing 
from the midpoint of the palindrome in each clone varied 
from as few as 4 bp (1 bp from the right ITR and 3 bp from 



the left) to as many as 19 bp (1 bp from the right ITR and 18 
bp from the left). Because plasmids containing long palin- 
dromes tend to be unstable, we chose the clone missing 19 bp 
from the junction for further work. This plasmid was called 
pBHG9. 

The final step involved generation of pBHGlO by deleting 
the packaging signals in pBHG9 by partial BamHl digestion 
and religation (Fig. 1). Screening for pBHGlO was facilitated 
by the fact that removing the packaging signals also deleted 
the Tef" gene. pBHGlO contains Ad5 DNA sequences from 
bp 19 (left genomic end) to bp 188; bp 1339-28,133 and bp 
30,818-35,934 (right genomic end). The left and right termini 
of the Ad5 genomes are covalently joined and a segment of 
plasmid pBR322 is present between AdS bp 188 and 1339 to 
allow propagation of pBHGlO in coli. A Pac I restriction 
enzyme site, unique in this plasmid, is present between AdS 
bp 28,133 and bp 30,818 to permit insertion of foreign genes. 
Because the packaging signal is deleted, pBHGlO is nonin- 
fectious but cotransfections with plasmids that contain the 
left-end AdS sequences including the packaging signal pro- 
duce infectious viral vectors with an efficiency comparable to 
that obtained with pJM17 (20) (unpublished data and see 
below). 

Additional Alterations to pBHGlO: Vectors with wt E3 
Sequences or with an Expanded Deletion in £3. The use of 

plasmids such as pBHGlO allows for rapid and relatively 
simple manipulation of the Ad genome. Two modifications of 
pBHGlO are described in this section. Since for some appli- 
cations it may be desirable to generate Ad vectors with intact 
wt AdS E3 sequences, we reintroduced wt E3 sequences into 
pBHGlO (Fig. 2). First, pBHGlO was digested with Spe I, 
which cuts only at 75.4 mu in AdS sequences, and ligated with 
pFG23K also linearized with Spe I, generating pBHGlOA 
that now contains the desired wt E3 sequences in tandem 
with the previous E3 region containing the 2.69-kb deletion. 
To remove repeated sequences, pBHGlOA was partially 
digested with Nde I and religated, generating pBHGlOB. The 
kanamycin-resistance (Kn") segment was removed from 
pBHGlOB by partial Xba 1 digestion and religation, gener- 
ating pBHGE3. Except for the presence of a wt E3 region, 
pBHGE3 is identical to pBHGlO and is equally efficient for 
generation of Ad vectors with El substitution by cotransfec- 
tion (unpublished). 

For some applications, it may be desirable to have as large 
a deletion as possible within the E3 region. By utilizing a PGR 
and following a strategy similar to that described above for 
the construction of pBHGE3 (Fig. 2), we created a 3.13-kb E3 
deletion and introduced it into pBHGlO. The resulting plas- 
mid pBHGll is identical to pBHGlO except for an expanded 
E3 deletion that removes sequences from bp 27,86S to 30,99S. 
Like pBHGlO, pBHGll contains a unique Pac I restriction 
enzyme site in place of the deleted E3 sequences to permit 
insertion of foreign genes. A detailed description of the 
construction of pBHGll is available on request from the 
authors. 

Construction of El Deletion Plasmids for Use in Cotrans- 
fections with pBHG Vectors. Plasmids pBHGlO, pBHGll, 
and pBHGE3 were designed to contain all the essential AdS 
sequences required to produce infectious virus upon trans- 
fection of 293 cells except for the packaging signal (194-358 
bp) needed to encapsidatc viral DNA into viral particles. To 
generate infectious viral vectors, these plasmids or deriva- 
tives with an insert in B3 must be cotransfected into 293 cells 
with a second plasmid containing left end viral sequences 
including the packaging signal as illustrated in Fig. 3. To 
niaximize the capacity of the BHG vector system, we re- 
quired a plasmid with the largest possible £1 deletion for 
cotransfections with the BHG plasmids. Analysis of £1 
sequences revealed that 3.2 kb could be deleted between an 
Ssp I site at 339 bp and an Aft II site at 3533 bp (Fig. 4). This 
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Fig. 3. Rescue using pBHG vectors. The general strategy used 
for generating infectious viral vectors using the BHG system is 
illustrated. Cotransfection of 293 cells with pBHGlO, pBHGU, 
pBHGB3, or a pBHG derivative containing a foreign gene inserted 
in E3 plus a plasmid containing left-end viral sequences including the 
packaging signals results in the generation of infectious viral vectors 
by in vivo recombination. 



Fig. 2. Construction of pBHGE3. For insertion of wt E3 se- 
quences, pBHGlO was digested with Spe I, which cuts at 75.4 mu in 
Ad5 sequences, and ligated with Spe I-digested pFG23K, generating 
pBHGlOA. pFG23K was derived from the Ap^ plasmid pF023 (30) 
(not shown), which contains Ad5 sequences from 60 to 100 mu, 
pFG23 was digested with Xba I, which cuts at bp 28,592 in Ad5 
sequences (there is no cleavage at bp 30,470 due to Dam methylation 
in the E. coli strain used), and ligated with Xba pKN30 
(31), a small Kn' plasmid, generating pFG23AK (not shown). To 
remove Ad5 sequences that were not required and the Ap^ gene, 
pFG23AK was digested with Afl II and ligated, generating pFG23K, 
To remove the repeated sequences (shown between the asterisks), 
pBHGlOA was partially digested with Nde I and religated, generating 
pBHGlOB. In the final step, the Kn^ segment was removed from 
pBHGlOB by partial Xba I digestion and religation, generating 
pBHGE3, mu refers to Ad5 sequences, solid bars represent Ad5 
sequences, and hatched bars represent Ap"^ and Kn^ segments. 

deletion does not interfere with the ITR (1-103 bp), the 
essential core packaging signal (194-358 bp) (3-5), or coding 
sequences for protein IX, but does remove the Spl binding 
site (3525-3530 bp) from the protein IX promoter. Since the 
Spl binding site is thought to be essential for protein IX 
expression (32), it was reintroduced as a synthetic oligonu- 
cleotide that positioned the Spl site 1 bp closer to the protein 
IX TATA box (Fig. 4). To assess the effect of the 3.2-kb El 
deletion and the reintroduction of the Spl binding site on 
protein IX expression, 293 cells were infected at 10 plaque- 
forming units per cell with a number of different viruses. 
These include viruses with no deletion in El (wt Ad5), one 
with a 2.3-kb deletion extending into the protein IX gene 
(dl313) (33), one with the 3.2-kb deletion described above 
(dl70-3), and viruses udth the 3.2-kb deletion containing the 
human cytomagalovirus (HCMV) immediate early promoter 
(AdHCMV) or the human jS-actin promoter (Ad)3Act) in the 
El-antiparallel orientation with or without the reintroduced 
Spl binding site. After labeling with P^SJmethionine, ceD 
extracts were harvested and samples were immunoprccipi- 
tated with anti-Ad2 protein IX antibodies and analyzed by 
SDS/PAGE. The results (Fig. 5) indicate that variable levels 



of protein IX were expressed depending on the sequences 
upstream from the protein IX gene. With the reintroduced 
Spl site present, there was at most a 25% reduction compared 
to wt Ad5. The near-wt levels of protein IX expression 
obtained with mutant dl70-3 may be explained by sequences 
from left of the deletion (nt 333-338: GCGCGT, in Ad5 
sequences) that fortuitously resemble and may act as an Spl 
site. The detection of reduced but significant levels of protein 
IX in cells infected by vectors containing only the HCMV or 
^actin promoters, which have no potential Spl binding sites, 
suggests that the Spl binding site may not be absolutely 
essential for protein IX expression, in contrast to the findings 
of Babiss and Vales (32). Because protein IX is known to 
affect the heat stability of virions, we measured the infectious 
titers of wt Ad5 compared to dl313, dl70-3, AdHCMV2, 
Ad^Act2, AdHCMVspl, and Ad^Actspl after incubation at 
45°C for 1 and 2 h. Of the six viral mutants tested, only dl313 
differed significantly in heat lability from wt (Fig. 6). Even 
Ad/3Act2, which produces only 16% of wt levels of protein IX 
(Fig. 5), was as resistant to heat inactivation as was wt virus, 
suggesting that protein IX is likely made in excess during wt 
viral infection. We have also found that viruses containing 
the 3.2-kb El deletion replicate in 293 cells to the same final 
titers as wt Ad5 (data not shown). 

Since the growth characteristics and stability of viruses 
with the 3.2-kb El deletion were not affected, this deletion 
was incorporated into pAElsplA and pAElsplB for use in 
cotransfections with the BHG plasmids (Fig. 4). 

Testing the Efficiency and Capacity of the pBHG Vectors. To 
assess the ability of the BHG plasmids to generate infectious 
viral vectors, cotransfections with various left end plasmids 
were performed, and the efficiency of rescue was usually 
comparable to that obtained with pJM17 (20) (data not 
shown). Although pJM17 has been useful for rescue of El 
mutations or substitutions into infectious virus, because it is 
derived from dl309 (33), it has neither a wt E3 region nor a 
useful E3 deletion. Thus pJM17 will be superseded by the 
pBHG series of plasmids for most Ad5 vector constructions. 

Use of pBHGE3, pBHGlO, or pBHGll combined with the 
3.2-kb deletion in El should permit rescue of inserts of «5.2, 
^7.9, and ^'SJ kb, respectively, into viral vectors. To test 
the capacity of the BHG system, we constructed an insert of 
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7.8 kb consisting of the lacZ gene driven by the HCMV 
promoter (El-antiparallel orientation) and the herpes simplex 
virus type 1 (HSV-1) gB gene driven by the simian virus 40 
promoter (El-parallel orientation) in the 3.2-kb El deletion. 
The 7.8-kb insert was constructed by inserting the 4. 1-kb Xba 
I fragment from pgBdXl? (34) containing HSV-1 gB gene 
driven by the simian virus 40 promoter into the Xba I site in 
pHCMVsplLacZ (35), generating pHlacZgBR (data not 
shown). After cotransfection of 20 60-mm dishes of 293 cells, 
10 with 5 fx% of pBHGlO and 5 /ig of pHlacZgBR and the other 
half with 10 of each, one plaque was obtained. This plaque 
was isolated, expanded, analyzed by restriction digest with 
Hindllh and found to have the expected restriction pattern. 
The isolate, AdHlacZgBR, expressed both lacZ and HSV-1 

^'^3'"^'"3^U2 16^123 164 %wt 

Fig. 5. Inununoprccipitation of protein IX from cells infected 
with viruses having a 3.2-kb El deletion. The levels of protein IX, a 
minor capsid protein required for the packaging of full-length viral 
genomes, were compared for wt Ad5 and viruses with a 3.2-kb El 
deletion with and without the reintroduced Spl binding site. The 293 
cells were mock infected or infected at a multiplicity of infection of 
10 with wt Ad5, dl313. dl70-3, AdMct2, Ad/SActspl, AdHCMV2, or 
AdHCMVspl and labeled with P'S] methionine from 22 to 24 h after 
infection. CcU extracts were prepared and immunoprccipitatcd with 
anti-Adl protein IX antibodies, and samples were separated by 
SDS/PAGE. The gel was dried and bands were visuaUzed by 
autoradiography. The lanes contain the samples indicated above and 
the molecular mass at 14.3 kDa is indicated on the left. Levels of 
protein IX were determined by densitomctric analysis and are 
indicated below the samples relative to wt Ad5. dl313 contains a 

2 3-kb deletion extending into the protein IX gene and, therefore, 
makes no protein IX; dl70-3 carries the 3.2-kb El deletion; AdMct2 
and AdHCMV2 contain the /3-actin and HCMV promoters in the 

3 2-kb El deletion, respectively; AdpAclspl and AdHCMVspl 
contain the ^-actin and HCMV promoters in the 3.2-kb El deletion 
with the Spl binding site reintroduced into the protein IX promoter. 
The /3-actin and HCMV promoters were inserted in the El- 
antiparallel orientation. 



Fig. 4. Left-end shuttle plasmids with a 3.2-kb El 
deletion. The sequences removed by the 3, 2-kb de- 
letion are indicated. At the 5' end of the deletion the 
region from bp 190 to bp 348 has been expanded to 
show the position of repeated elements (AI-AV) 
involved in packaging and the enhancer elements (EI 
and EII), At the 3' end of the deletion, the region from 
bp 3525 to bp 3557 contains the protein IX promoter 
with the Spl binding site and TATA box (underlined). 
To create the El deletion, sequences were removed 
between the Ssp I (bp 339) and Afl II (bp 3533) ^ 
restriction sites (boxed). This deletion does not in- 
terfere with the ITR (bp 1-103), the essential core 
packaging signal (bp 194-358), or coding sequences 
for protein IX, but does remove the Spl binding site 
(bp 3525-3530), which was subsequently reintro- 
duced 1 bp closer to the protein IX TATA box. Thus 
the cytidine residue, indicated with the asterisk, is 
missing in plasmids pAElsplA and pAElsplB. In 
addition to the modified Spl site, plasmid pAElsplA 
contains Ad5 DNA sequences from bp 1 to bp 341 and 
bp 3524 to bp 5790 with a polycloning oligonucleotide 
inserted between Ad5 bp 341 and bp 3524. Plasmid 
pAElsplB is identical to pAElsplA except that the 
restriction sites between the Cla I and Bgl II sites in 
the polycloning region arc reversed. 

gB at levels comparable to those obtained with vectors 
containing single inserts of these genes (data not shown). 

DISCUSSION 
We have constructed and tested a vector system based on a 
series of bacterial plasmids (pBHG) that contain all the 
essential Ad5 sequences required to produce infectious virus 
upon transfection of 293 cells except for the packaging signal 
(bp 194-358) needed to encapsidate viral DNA. These plas- 
mids arc noninfectious in single transfections and must be 
cotransfected with a second plasmid containing left-end 
sequences including a packaging signal to generate infectious 
viral vectors (Fig. 3). This vector system is the most versatile 
system yet developed for generating Ad5 helper-independent 
vectors and will allow the construction of vectors with any 
combination of inserts, mutations, or wt sequences in both El 
and E3. Because with the pBHG system the entire viral 
genome is propagated as bacterial plasmids, manipulation of 




Incubation at45''C, h 

Fig. 6. Heat stability of viruses with the 3.2-kb El deletion. The 
heat stability of viruses with Uic 3.2-kb El deletion, with and without 
the reintroduced Spl binding site in the protein IX promoter, was 
compared to wt Ad5 and dD13. Viral stocks of wt Ad5. dl313, dl70-3, 
Ad^Act2, AdHCMV2, Ad/9Actspl, and AdHCMVspl were titcred 
on 293 cells prior to and after incubation for 1 and 2 h at 45''C, The 
structure of tiiese viruses is explained in Fig. 5. The data presented 
for wt Ad5 and dl70-3 represent the average of four experiments and 
the data for dB13, Adi3Act2, AdHCMV2. AdMctspl, and AdHC- 
MVspl represent the average of three experiments. 
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viral DNA sequences can be done rapidly and efficiently. To 
illustrate this and to generate two useful variants, we con- 
structed pBHGE3 and pBHGll from the original plasmid 
pBHGlO. pBHGE3 permits construction of vectors with wt 
E3 sequences (Fig. 2), and pBHGll increased the cloning 
capacity of resulting viral vectors. The 2.69-kb E3 deletion in 
pBHGlO removes the m^jor portions of all E3 mRNAs, the 
first E3 3' splice acceptor site, and the L4 polyadenylylation 
site but leaves the E3 promoter, the 5' initiation site, the first 
E3 5' splice donor site, and the E3b polyadenylylation site 
intact (36). Viruses with the 2.69-kb E3 deletion have the 
same growth kinetics and progeny virus yields as wt virus (7). 
The 3.1-kb E3 deletion in pBHGll removes two additional 
elements not removed by the 2.69-kb E3 deletion: the first E3 
5' splice donor site and the E3b polyadenylylation site (36), 
This deletion does not interfere with the open reading frame 
for pVm or any of the L5 famUy of mRNAs. Viruses 
containing the 3.1-kb deletion were found to give wt progeny 
yields in infected 293 cells (data not shown). 

To maximize the capacity of the BHG system and to 
facilitate the introduction of inserts into the El region, we 
have constructed plasmids containing a 3.2-kb deletion of El 
sequences and multiple restriction sites for the insertion of 
foreign genes (Fig. 4B). This deletion leaves intact the left 
ITR and packaging signals and extends just past the Spl 
binding site of the protein IX promoter. The promoter for 
transcription of the protein IX gene is relatively simple, 
consisting of this Spl binding site and a TATA box. It has 
been reported that the Spl binding site is essential for 
expression of protein IX (32) and it was, therefore, reintro- 
duced at a position 1 bp closer to the TATA box than in the 
wt promoter. However, neither the original 3.2-kb El dele- 
tion nor the deletion mutants containing the synthetic Spl site 
appeared to be significantly altered in protein IX expression 
(Fig. 5), heat stability (Fig. 6), or final progeny yields of 
viruses with this deletion. Although we did see a reduction in 
protein IX expression to ^16% of wt levels for the virus 
containing the ^actin promoter combined with the 3.2-kb El 
deletion, even this level of expression appeared to be ade- 
quate for the formation of stable virions. 

The Ad5 packaging signal, which overiaps the ElA en- 
hancer region, has been found to consist of at least five 
AT-rich elements, which, by extensive mutational analysis, 
have been found to be functionally redundant (Fig. 4) (3^5). 
The ElA enhancer is composed of two functionally distinct 
enhancer elements, I and II (2, 37). Two repeats of enhancer 
element I flank element II and are responsible for regulating 
expression from the ElA gene (2). Enhancer element II 
regulates the transcription of all the early regions in the 
genome (37). The 3,2-kb El deletion does not interfere with 
the enhancer region but does remove the 3' most packaging 
element. The removal of this element has been shown to have 
little or no effect on packaging (3^5) and should not, there- 
fore, affect the packaging of recombinants that utilize the 
3.2-kb El deletion. 

One observation made when testing the BHG system was 
that the larger the insert being rescued in the El region the 
lower the efficiency of rescue. Although we have not sys- 
tematically investigated the relationship between insert size 
and efficiency of recombination between cotransfected plas- 
mids, we have observed that longer segments of foreign DNA 
seem to be more difficult to rescue into infectious virus than 
small inserts. This could be due to the inhibitory effect of 
heterologous sequences on recombination in agreement with 
the observations of Munz and Young (38). 

When using pBHGE3, pBHGlO, or pBHGll in combina- 
tion with the 3.2-kb deletion in El, it should be possible to 
rescue inserts of up to 5.2, 7.9, and 8.3 kb, respectively, in 
conditional helper-independent vectors. To test the capacity 
of the system, we used pBHGlO to rescue a 7.8-kb insert 



consisting of the HSV-1 gB gene and lacZ gene in tandem, 
each with its own promoter. The vector obtained, AdHLac- 
ZgBR, was found to replicate efficiently and to express both 
/acZ and HSV-1 gB at levels comparable to that obtained with 
Ad vectors containing single inserts of these genes. The 
pBHG system has now been in use in our laboratory for *=1 
year and has facilitated the rescue of a variety of genes into 
El and E3. This vector system should have wide applications 
for the construction of Ad vectors for use as recombinant 
viral vaccines and for gene therapy transfer vectors. 
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ABSTRACT 

Pyrimidine oligonucleotides containing alternating 
anionic and stereo-uniform cationic A^(dimethylamino- 
propyl)phosphoramldate linkages [e.g. d(T+T-)7T, 
d(T+T-)2{T+C~-)5T and (U'+U'-)7dT, where U' is 2'-a 
methyluridine)] are shown to bind to complementary 
double-stranded DNA segments in 0.1 IVI NaCI at pH 7 
to form triple-stranded complexes with the pyrimi- 
dine.purine.pyrimidine motif. For each of the sequences 
investigated, one stereoisomer bound with higher 
affinity, and the other stereoisomer with lower affinity, 
than the corresponding all-phosphodiester oligo- 
nucleotide. The stereoisomer of d(T+T-)7T that inter- 
acted weakly with a dT.dA target in 0.1 IVI NaCI formed 
a novel dA.dA.dT triple-stranded complex with 
poly(dA) or d(Ai5C4Ai5) in 1 M NaCI; in contrast, the 
stereoisomer that bound strongly to the dT.dA target 
failed to form a dA.dA.dT triple-stranded complex. 

INTRODUCTION 

Current research on triple-stranded polynucleotides has been 
stimulated by a general interest in molecular recognition and by 
tlie potential applications for triple-stranded complexes in proces- 
sing DNA chemically (i ) and in modulating biological processes 
dependent on DNA (2). Two major structural motifs for these 
complexes have been recognized. One, designated pyr.pur.pyr, 
involves binding a pyrimidine ohgonucleotide to a duplex 
segment, with the added pyrimidine strand oriented parallel to the 
purine strand of the duplex 0,4)- In the other motif, pur.pur.pyr 
(5), a purine oligonucleotide binds to a duplex such that the two 
purine strands are antiparallel (6-8). Since formation of a triplex 
brings three polyanionic strands into proximity, the stability of 
these complexes is very dependent on salt concentration. High 
salt concentrations (e.g. 1 .0 M NaCI) favor triplex formation. In 
0.1 M NaCI at pH 7 triplexes containing a moderate size 
oligonucleotide (e.g. 15mer) have low stability. 

Recently we reported that an oligonucleotide containing alter- 
nating phosphodiester and stereo-uniform cationic 7V-(dimethyl- 



aminopropyl)phosphoramidate linkages, d(T+T-)7T, binds to 
poly(dA) and poly(A) targets with unusually high affmity in low 
salt solutions (v). Under the same conditions, the binding affmity 
of the stereoisomer with opposite cliirality at the phosphoramidate 
linkages is very low. lliese findings suggest that a zwitterionic 
oligonucleotide with appropriate stereochemistry at the P~N inter- 
nucleoside linkages might serve as a superior probe for double- 
stranded DNA sequences in solutions of low ionic sirength, ^is in 
biological media. We report here the results of a study to test tliis 
possibility. The zwitterionic probes and the targets investigated 
are listed m Chart 1, where *a' represents tlie stereoisomer with 
theupfield, and 'b' the isomer with the downfield, signal in the ^^P 
NMR spectrum for tlie phosphoramidiite groups. The symbol *+* 
signifies a protonated [3'-OP(0)(NHCH2CH2CH2NMe2)-0-5T 
internucleoside hnk; a phosphodiester link; and U', a 2'-0- 
metliyluridine unit in an oligonucleotide. For comparison, tlie 
all-phosphodiester probes dTis, U'i4dT and d[T4(TC)5T] were 
also prepared. 

Probes Targets 

d(T+T-)7T (UW-)7dT d(Ti5C4Ai5),d(Ai5C4Ai5),Poly(dA) 
la and lb 2a and 2b 4 5 

d(T+T-)2(T+G-)5T d[A5(GA)5T4(TC)5T5] 
3a and 3b 6 

Chart 1. 

MATERIALS AND METHODS 

General methods 

Reagents grade chemicals were used througliout. Pyridine, DMF 
and CH3CN were dried over calcium hydride. THF was freslily 
distilled over sodiunl^enzophenone prior to use. 5'-0-Dimethoxy- 
tritylthymidine (5'-0-DMT-dT) was purchased from Chem 
Impex, IL, and 5 -0-dimethoxytrityl-2'-0-methyluridine was 
purchiised from Monomer Sciences (Huntsville, AL). Cokinin 
chromatography was perfonned on sihca gel (70-230 nicsli, 60 A; 
Aldricli). Reversed phase (RP) HPLC was carried out on a 
Supelco LC-l 8 colunm (25 cm x 4.6 nmi) willi a 0-50% gradient 
(2%/min) of CH3CN in 5% CH3CN in 0.1 M TEAA buffer, pH 
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7.5; flow rate 1 ml/min or on a Dionex chromatograph with a 
Hewlett Packard Hypersil ODS-5 column (4.6 x 200 mm) using 
a 1%/min gradient of CH3CN in 30 mM triethylammonium 
acetate buffer at pH 7.0 with a flow rate of 1 ml/min. A Dionex 
DX 500 chromatograph system equipped with a P40 gradient 
pump, an AD 20 absorbance detector, and aNucleoPack PA-100 
column (4 x 250 mm) was used for ion-excliange (IE) chromatog- 
raphy. The eluant was 10 mM aqueous NaOH, and a 2%/min 
gradient of 1.0 M NaCl in 10 mM NaOH was used with a flow 
rate of 1.5 ml/min. TLC was performed using Whatman 
analytical silica gel plates (60 A) or Merck SiUca Gel 60 F254 
precoated TLC aluminum plates. The TLC plates were prerun in 
8% CH30H/2%TEA/CH2Cl2, Ihen spotted and developed in the 
same system. 

Circular dichroism (CD) measurements were carried out on a 
Hitachi Joel 500 instrument Temperature was controlled with a 
refrigerated water bath, and nitrogen was continuously circulated 
tlirougli the cuvette compartments. Melting curves were determined 
using either a Varian Cary 3E UV- Visible spectrophotometer or 
a Perkin Ehner Lambda 2 UV spectrophotometer equipped with 
a Peltier 2 temperature programmer for automatically increasing 
the temperature at the rate of 0.5''C/min. Unless stated otherwise, 
dissociation curves and CD spectra were obtained in a 0.1 M NaCl, 
10 mM phosphate buffer at pH 7.0 with each ohgomer 3.3 \\M for 
the measuremaits and 1.7 \jM for the CD spectra. Concentra- 
tions were calculated usmg £=8.1 and 8 .4 A26O U/jlmol of residue 
for dTi5 and poly(dA), respectively. The extinction coefficients 
for the mixed oUgomers were calculated using a formulabased on 
nearest neighbors (ID). The^^PNMRspectra wererun inCHaCN 
(dimer blocks) or D2O (oligomers) with ^ DMSO for a lock and 
aq. 85% H3PO4 as an external reference. Ion-spray MS (ESI) 
measurements were run by Dr Frank Masiarz at Chiron on a 
Perkin-Elmer PE SCIEX API III electrospray quadrapole instru- 
ment. LSI MS were obtained by Dr Doris Hung at Northwestern 
University on a VG 70SE instrument. 

Protected dinucleoUde derivatives 

3'-0-^-Butyldimethylsilylthymidine, dT(TBDMS), (10.4 mraol) 
was treated with 5'-0-dimethoxytritylthymidine-3'-0-(methyl 
AyV-diisopropylphosphoramidite) (10 tnmol) in 50 ml dry 
CH3CN containing 20 mmol tetra23ole. The reaction was complete 
after stirring for 5 min at room temperature, as indicated by TLC 
(sihca gel; 5% MeOH and 1% EtsN in CH2CI2); the triester 
product migrated slightly faster than dT(3'-0-TBDMS). The 
reaction mixture was diluted with CH2CI2 and extracted with 400 ml 
5% aq. NaHCOs/NaCl. The organic layer was dried (Na2S04) 
and concentrated under reduced pressure. After coevaporation of 
the residue with several portions of dry toluene, the triester was 
dissolved in 1 00 ml diy CH3CN and treated with 3-dunethylamino- 
propylamine (10 ml, 1 6 mmol), followed by drop wise addition of 
iodine (2.53 g, 1 0 mmol) in 50 ml dry CH3CN (1 1 ). After 30 min, 
tlie reaction mixture was poured into 300 ml 5% aqueous sodium 
bisulfite and extracted with CH2CI2. The organic layer was 
washed repeatedly with 5% aq. NaHCQj and sat. NaCl, then 
dried (Na2S04) and concentrated under reduced pressure. The 
resulting diastereomers of d(DMT)T+T(TBDMS) (7.7 g, 7.4 mmol) 
were separated by sihca gel chromatography as the * fast* and the 
*slow* eluting isomers using a 2-6% MeOH gradient in 2% E%N 
in CH2CI2: 'fast isomer' , a, 2.9 g (29%), Rf 0.62, ^ ip NMR 10.4 
p.p.m., ESI MS, MW calcd for C52H7iN60i3PSi 1047.2, found 



1046.6; *slow Lsoraer*, b, 3.1 g (30%), Rf 0.40, ^^P NMR 10.6 
p.pm, ESI MS, MW calcd 1047.2, found 1046.9. Tlie middle 
fraction containing both isomers amounted to 1 .7 g (1 6%). Efforts 
to separate the two isomers after, rather than before, desilylalion 
were unsuccessful. 

The amidate dinucleotide block d(DMT)T-K:S2(TBDMS) was 
prepared from 5'-0-dimethoxy1ritytiiymidine-3'-0-(methyl NJ^- 
diisopropylphosphoramidite) and dC^^(3'-0-TBDMS) on a 
20 mmol scale essentially as described above for the preparation 
of (DMT)T+T(TBDMS). Separation of the stereoisomers by 
sihca gel chromatography yielded, a, 1.78 g (8%), Rf 0.75, 3 ip 
NMR 10.4 p.p.m., and b, 1.94 g (8.5%), Rf 0.60, ^ ip NMR 
10.6 p.p.m. The 2'-0-metliyluridine derivatives, (DMT)U'-f-U' 
(TBDMS), were obtained in the same way: a, 1.66 g (16%), Rf 
0.50, 31p NMR 10.6 p.p.m., ESI MS, MW calcd for 
C52H7iN60i5PSi 1079.2, found 1078.6; b, 1 .94 (19%), Rf 0.39, 
31PNMR 11.1 p.p.m.; ESI MS calcd MW 1079.2, found 1078.6. 

Desilylation of dimer derivatives 

Desilylation of the *fast isomer', a, of d(DMT)T+T(TBDMS) 
(0,7 mmol) was effected by treatment with tetrabutylammonium 
fluoride (3.5 mmol) in dry CH3CN (20 ml) for 3 h. After dilution 
with CH2CI2 and washing with water (2 x 200 ml), the organic 
layer was dried (Na2S04) and evaporated under reduced pressure. 
Purification by silica gel chromatography using a 0-1 8% gradient 
of MeOH in 2% Et3N in CH2CI2 afforded d(DMT)T+T (isomer 
a) as a white solid: 0.57 g (80%), 3 ip NMR 10.4 p.p.m., ESI MS, 
MW calcd for C46H57N6O13P 933.0, found 933.3. Desilylation 
of the *slow isomer* was achieved in a similar fashion and gave 
a comparable yield of tiie diastereomeric dimer block, b: ^ ^P NMR 
10.6 p.p.m., ESI MS, MW calcd. 933.0, found 933.5. 

The other dimer blocks were desilylated in the same way. The 
% yield and ^^P NMR shifts for the products were: 
d(DMT)T+CBz, isomer a, 77%, 10.4 p.p.m.; isomer b, 75%, 
10.6 p.p.m.; (DMT)U'+U' isomer a, 82%, 10.6 p.p jh.; isomer b, 
56%, 11.1 p.p.m. 

Phosphoramiditcs of dinucleotide derivatives 

(DMT)T+T isomer a (0.61 g, 0.57 mmol) m 5 ml dry of CH2CI2 
and 0.75 ml (6.5 mmol) of diisopropylethylamme was treated 
with 1.5 eq. of 2-cyanoethyW,A/-diisopropylclilorophosphorami- 
dite (Cl-BCE) at room temperature. The reaction was complete 
in 3 h as indicated by TLC (8% MeOH in 2% Et3N in CH2CI2). 
After dilution with CH2CI2 (200 ml), the organic layer was 
washed successively witli 250 ml 5% aq. NaHCOj and 250 ml sat, 
NaCl. The organic layer was dried (Na2S04) and concentrated 
under reduced pressure. Cliromatography on silica gel aflbrdcd 
thephosphoramichte derivative as a white solid: 0.52 g (79%);^ ^P 
NMR, 150.0 and 149.7 p.p.m. (stereoisomeric phosphoramidite 
groups) and 10.4 p.p.m. (intemucleoside phosphoramidate 
group) (the ratio of the integrated areas for the phosphoramidite/ 
phosphoramidate peaks was 1/1); LSI MS, MW calcd 1133.2, 
found 1133. Isomer b was prepared similarly: ^^P NMR, 150.0, 
149.7 and 10.6p.p.m. (phosphoramidite/phosphoramidate, 1/1). 

The other phosphoramidite dinucleotide blocks were prepared 
in the same manner, except tliat for the 2'-0-methyluridine 
derivatives 2.2 equiv. of 2-cyanoediyW//,-diisopropylphospho- 
ramidite was used and the phosphitilation reaction was allowed 
to proceed for 18 h. Each exhibited signals for phosphoramidite 
and phosphoramidate in a 1/1 ratio. The yields (%) and ^^P 
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signals (p.p.m.) were: DMT(T-K:^^)BCE a, 68% and 150.1, 
149.7, 10.56, 10.47 p.pjn.; b, 68% and 150.1, 149.7, 10.86, 
10.80 p.p.m.; DMT(U'+UOBCE a, 95% and 151.9, 151.5, 10.7, 
10.6 p.p.m.; b, 95% and 151.8, 151.3, 11.1 p,p.m. 

Zwitterionic oligonucleotides 

Dimer blocks were used to synthesize pentadecanucleotide 
derivatives by conventional phosphoramidite chemistry using 
cyanoethyl phosphoramidite reagents as previously described p). 
The RP-HPLC elution times in minutes for oligomers with the 
DMT group 'on*, and the DMT group 'off*, were, respectively: 
la, 19.8, 11.6; lb, 19.3, 11.4; 2a, 19,0, 11.2; 2b, 18.3, 10.8; 3a, 
19.0, 9.6; 3b, 18.3, 9.4. The^^P NMR (D2O solvent, DMT 'off*) 
5 values in p.p.m. were: la, 9.0 (phosphoramidate) and -2.2 
(phosphodiester), arearatio, 1/1; lb, 9.35, -2.2 (plus aminorpeak 
at -2.0), phosphoramidate/phosphodiester, 1 /I . The spectra of the 
other ohgomers were similar (solvent, 1:5 H2O/D2O): 2a, 8.95 
and -2.4 (ratio, 1/1); 2b, 9.8 and -2.4 (ratio 1/1); 3a, 8.95 and -2.3 
(ratio 1/1); 3b, 9.2 and -2.3 (ratio 1/1). 

RESULTS 

The stereo-uniform zwitterionic oligomers, la, lb, 2a, 2b, 3a and 
3b, were prepared by a general procedure outlined previously 0>) 
wlrich utilized sequential coupling of stereo-uniform dimcr blocks 
on a solid support. The key intermediates were the fully protected 
dinucleotide phosphoramidate derivatives blocks represented by 
formula I. These compoxmds were separated into the component 
stereoisomers by cliromatography on silica gel. Subsequent 
removal of the silyl protecting group and phospliitilation afforded 
the phosphoramidite reagents employed m die polymer synthesis. 
Comparison of properties of la,b, 2a,b and 3a,b to properties of 
oligonucleotide analogues containing aminoethylphosphonate 
(12), uncharged phosphormorpholidate (13-15) and methyl 
phosphonate (16,17) linkages suggests that, for a given pair of 
stereoisomers in our series, tiie compound exhibiting the greater 
upfield shift in the ^'P NMR spectrum for the amidate P, and 
designated here as *a', probably has the R configuration. In each 
case the compounds in the * a* series came fcom the stereoisomer 
of the fully protected dimer block that eluted first on sihca gel 
chromato graphy . 

BOB 

Pyr'Pur-Pyr triple strands 

We used d(Ti5C4Ai5), 4, to test for hybridization of thymidine 
and 2'-0-methyluridine zwitterionic derivatives to a duplex target. 
In absence of other oligomers, 4 forms a self-complementary 
structure with a dT.dA stem of high stability (7*^ 62°C m 0.1 M 
NaCl and 78''C in 1 M NaCl). We found that the afTmities of the 
oligothymidylate derivatives for this target depend strongly on 
the charge and stereochemistry of the probe and the ionic strength 
of the solution (Table I). Of special interest was the observation 
that of the zwitterionic isomers, la, formed a relatively stable 
triple-stranded complex with target 4 even in 0.1 M NaCl The 
melting curve for an equimolar mixture of la and 4 showed a 
transition {Jm 24°C) for dissociation of the zwitterionic strand 
from the duplex segment, as well as a transition (J^ 68 ''C) for 
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Figure 1. Normalized malting curves ford(Ti5C4Ai5) (3.3 yM) with: la (•), 
or lb (A) or dTis (O); 3.3 \\M each, in 0.1 M NaCl, pH 7.0. 



denaturation of 4 (Fig. 1); and a plot of A26O '^erst4s titrant for 
titration of la witli 4 at 0°C displayed a break at equimolar 
concentrations of the two oUgomers (data not shown), in accord 
for a complex with the dTdA.dT motif Under the same 
conditions, neither dTjs nor the zwitterionic isomeric oligomer 
(lb) interacted significantly with 4 (Fig. 1). In ahigli salt solution 
(1.0 M NaCl) dTi5 did bind to 4 (7^ 30X). The stabiliiy of the 
complex formed by la also increased with an increase in the salt 
concentration {T^ 32°C in 1.0 M NaCl); however, the rise in 
was less than in the case of the all anionic probe. Oligomer lb did 
not bind significantly to 4 even in 1 M NaCl. 

Table 1. values (^C) for dissociation of triple-stranded complexes formed 
from single-sUanded probes and target 4, d(Ti5C4Ai5), 3.3 \\U each atpH 7.0 



Probe 


0.1 MNaCl 


1.0 M 


d(T+T-)7T, la 


24 


32 


d(T+T-)7T, lb 


<0 


<5 


dTi5 


<0 


30 


{U'+U'-)7dT, 2a 


35 


42 


(U'+U-)7dT, 2b 




<10 


U'i4dT 


<5 


40 


d(T+T-)2(T+C-)5T,3a 


<0 


<5 



It lias been shown that replacement of thymidine by 2'-0-methyl- 
uridLne in a phosphodiester oligonucleotide probe enhances 
stability of triple-stranded complexes formed with the probe (i 8). 
The stereoisomeric oligomers 2a and 2b were prepared to test the 
effect of this substitution on binding of zw/7/mo7j/c oligonucleo- 
tides to double-stranded targets. We found tliat one of the 
2'-0-methyluridine analogues, 2a, indeed bound to 4 more 
effectively {T^ 35°C, 0.1 M NaCl) than the thymidine analogue, 
la, (r^ 24 ''C, 0.1 M NaCl). Neitlier the isomeric oligomer, 2b, 
nor the corresponding phosphodiester control, Lri4d']\ interacted 
significantly with 4 under these conditions. In contrast to the 
results for the triple-stranded complexes, the 2'-0-methyluridine 
derivative, 2a, was found to bitid less effectively than the 
thymidine analogue, la, to an equivalent of poly(dA). The /"m 
values for formation of the double-stranded complex in 0, 0.1 and 
1 .0 M NaCl solutions were, respectively: 35,36 and 4 r C for 2a; 
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Figure 2. Melting curves for poly(dA) with lb at equivalent nucleotide 
concentrations (50 yM in dT and 50 \\M in dA), 1.0 M NaCl, pH 7.0, followed 
at 260 nm (•) (left ordinate) or at 280 nm (□) (right ordinate). 



and 58, 58 and 5 8^ C for la (see reference v for experiments with 
the dT ohgonucleotides). 

Data for the mixed dT,dC oligomers (3a and 3b) are presented 
in Table 2. Target 6, d[A5(GA)5T4(TC)5T5], self-associates under 
the conditions employed (r^ 68 C at pH 7.0 and 6TC at pH 6.0; 
0.1 M NaCl). The dT,dC pentadecamers boimd to 6 with higher 
affinity than the dT or dU' pentadecamers bound to 4, and, as 
expected for triple-stranded structures containing dC (5), the 
affinity was greater at pH 6 than at pH 7. A striking feature was 
the thermal stabUity of the triple-stranded complex formed by one 
of the zwitterionic probes, 3a, and target 6 in a low salt solution 
(0.1 M NaCl) at pH 7. The value was 23''C higher than that 
for the complex formed by the corresponding all-phosphodiester 
probe. That the high affinity of the zwitterionic oligonucleotides 
depends on sequence as well as ionic charge and stereochemistry 
at phosphorus was demonstrated by experiments in which 1 a was 
paired with a mismatched target, 6, and 3a was similarly paired 
with 4. Neither of these systems afforded stable-triple stranded 
complexes (Tables 1 and 2). 

Table 2. Tm values ("C) for dissociation of triple-stranded complexes formed 
from single-stranded probes and target 6, d[A5(GA) 514(10)515], each 5 jiM 
in 0.1 M NaCl 



Probe 


pH 7.0 


pH6,0 


d(T+T-)2(T+C-)5T,3a 


42 


52 


d(T+T-)2(T+C-)5T,3b 


11 


37 


dT5(CT)5 


19 


45 


d(T+T-)7T, la 


<0^ 





aAlso<0*Cinl.OMNaCl. 



<lA.dA.dT triple strands 

We previously noted an unusual feature in the melting curve 
obtained at 260 nm for a 1/1 dT/dA mixture of lb and p61y(dA) 
in 1 M NaCl solution (9). The melting curve showed two 
transitions, differing in 7"^ by -20 ^C. On the basis of further work 
we now propose that the first transition stems from a reversible 
disproportionation of two lb.poly(dA) duplex segments to give 



a triplex with the dA.dA.dT motif plus a strand of lb, and diat the 
second transition represents reversible dissociation of the triplex 
to give free poly(dA) and lb. Several lines of evidence support 
tills conclusion, (i) Melting curves for this system are given in 
Figure 2. Two transitions appear in the curve measured a 1 280 mn 
as well as the one at 260 nm. An unusual feature, however, is that 
the higher temperature transition in the 280 nm curve is 
hypocliromic. Characteristically, transitions for dissociation of 
dT.dA duplexes and dT.dA.dT triplexes are hyperchromic at this 
wavelengths. This results points to dissociation of a complex with 
a novel structure, (ii) Melting curves obtained in low salt solutions 
(0-0.1 MNaCl) showed a single transition {-T^ 22°C) tliat was 
independent of the salt concentration. As the salt concentration 
was increased incrementally, a second transition appeared at 
progressively higher temperatures. The stilt dependence for the 
second transition is consistent with expectations for dissociation 
of a triple-stranded complex contauiing a zwitterionic and two 
anionic strands, (iii) Association curves obtained by cooling 
solutions of the oligomers slowly from 80 to O'^C ik-.moiisiiaictl 
that the transitions are fully reversible. As a llirrhcr test, a 
IdT/ldA mixture of lb and poly(clA) in 1 M NaCl was allowed 
to cool from 80 to 25° C and held at tlie lower temperature for 2 h 
to permit a slow equilibration to take place. No change in 
absorbance occurred during the 2 h, indicating tliat the system 
was stable at this temperature. When the temperature was then 
ftirther reduced through the range for the lower transition to 
18 *^C, the absorbance at 260 imi dropped rapidly and equilibrium 
was reached within 2 min. (iv) A single transition (7^ 42 °C; 1 M 
NaCl) was observed on heating a mixture of lb and poiy(dA) at 
a ldT/2dA nucleotide ratio from 0 to 80^ C, demonstrating that 
the triple- stranded complex was stable at 0°C in absence of 
excess lb. (v) In agreement with these results, titration of lb in 
1 M NaCl (pH 7.0) with poly(dA) consumed twice ns mnch 
poly(dA) at SO'^C as at 0°C, and the breaks concspoiidcd to 
formation of a ldT/2dA complex at ^O^C and a IdT/ldA 
complex at 0*C. As controls, dTis was also titrated with poly (dA) 
under the same conditions. These experiments showed breaks 
corresponding to 2dT/ldA, IdT/ldA and IdT/ldA, as expected, 
for titrations at O'^'C in 1 .0 M NaCl, SO'^C in LO M NaCl and O^'C 
in 0.1 M NaCl, respectively. Also, titration of lb at O^'C in 0.1 M 
NaCl gave a IdT/ldA ratio, (vi) A single transition (T^ 26°C) 
was found on heating a mixture of lb with either one or two 
equivalents of d(CCAi5CC) in 1 .0 M NaCl. Tliis result suggested 
that appearance of the second transition in tlie case of poly(dA) 
might be related to tlie fact poly(dA) could fold to a hairpin 
structure that would stabilize a dA.dA.dT triple-stranded complex. 
We therefore examined hybridization of lb with a shorter, well 
defined oligomer, d(Ai5C4Ai5), which also couhi I old to m 
hairpin structure. This target indeed simulated poly(dA) in 
behavior, althougli the complexes formed were somewhat less 
stable (rni ~ n'^C for the disproportionation reaction and~32*^C 
for dissociation of the triplex in 1 .0 M NaCl; see Fig. 3). A 
comparison with tlie heatmg curve for d(Ai5C4Ai5) alone (curve 
B in Fig. 3) shows that these breaks indeed reflect interaction of 
lb with this target oligonucleotide. As in the case witli poly(dA), 
the transitions were reversible. 

Formation of two distinct complexes from lb and poly(dA) is 
further supported by CD spectral data. Tlie spectrum for a mixture 
of lb and poIy(dA) contauiing equivalent concentrations of dT 
and dA imits in 1 M NaCl at 5"^ C is given in Figure 4, curve A. 
It is very similar to the CD spectrum for the same combination of 
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Figure 3. (A) Melting curve for cl(Ai5C4Ai5) (3.3 mM) with lb (3.3 nM), 1.0 M 
NaCl, pH 7.0; inset, the derivative curve. ^) Melting curve for d(Ai5C4Ai5) 
(3.3 pM) alone under the same conditions. 



lb and poly(dA) in 0.1 M NaCl and for the spectra of 
poly(dT).poly(dA) in 0.1 M and in 1 M NaCl. The two peaks and 
the Irougli in the 255-3 00 nm region are distinctive (1 v) and serve 
as a signature for the poly (dT) .poly (dA) duplex. Tlie similarity in 
the spectra for all these systems indicates that the base stacking 
is* much the same in all cases. These data therefore point to a 
conventional duplex structure for the complex derived from lb 
and poly(dA) in 1 M NaCl at S'^C. A very different spectrum 
(Fig. 4, curve B) was obtained when the solution of lb and 
poly(dA) was warmed to 27*^ C. The trough at 247 nm deepened, 
tlie peak at 25 9 nm fell, the trougli at 268 nm disappeared, and the 
peak at 282 nm increased. When tlie solution was then cooled, 
spectrum B readily reverted to spectrum A. These changes 
correlate well with the UV absorbance changes observed on 
heating and cooling the solution. Furthermore, spectrum B is 
quite different from the spectrum expected for a mixtvire of free 
lb and poly (dA) (Fig. 4, curve C). We attribute spectrum B to the 
presence of a dA.dA.dT triple stranded complex derived from 
poly(dA) and lb. This assignment leads to the prediction that the 
CD spectrum of a 2dA/ldT ratio of poly(dA) and lb in 1 MNaQ 
at 27'' C would be similar to spectrum B and that it would remain 
unchanged on cooling to 5°C. Tliese results were indeed observed. 

Tlie CD spectrum for a IdT/ldA mixture of oligomer la and 
poly(dA) in 1 M NaCl at 27*'C is very similar to tiie spectrum of 
the poly (dT) .poly (dA) duplex (data not shown). In contrast to the 
case with lb, no evidence for formation of a dA.dA.dT triplex 
was found. The CD spectrum was virtually unchanged on cooling 
to 5*C and was not altered significantly by addition of a second 
equivalent of poly(dA). These results buttress data from the 
melting curves indicating that la forms a duplex, but not a 
dA.dA.dT triplex, with poly(dA). 

DISCUSSION 

P>T.Pur.Pyr triple strands 

Three pairs of stereoisomeric zwitterionic 1 5mers were prepared 
for tills study. Pair 1 was derived from thymidine, pair 2 from 



Figure 4. CD spectra for poly(dA) wiUi lb at equivalent nucleotide 
concentrations in 1.0 M NaCl atpH 7.0: curve A, at 0*C ( — ), and curve B, at 

27 ( ). Curve C is the sum of the spectra of separate samples of poly(dA) 

andlbat27''C( ). 

2'-0-methyluridine and pair 3 from thymidine and deoxycytidine. 
In each case, all phosphoramidate linkages in a given oligomer 
had the same configuration. Thermal denaturation experiments 
showed that participation of these alternating cationic-anionic 
oligonucleotides in formation of triple-stranded complexes is 
higlily dependent on chirality at the modified phosphate linkages. 

The most significant finding with respect to potential applications 
is that m each case one of tlie stereoisomeric probes, designated 
as tlie *a* isomer, binds more effectively to a complementary 
double-stranded DNA target ttian tlie corre^onding all phos- 
phodiester probe does. In 0.1 M aqueous NaCl at pH 7, tlie 
enhancement in is of the order of 20®C for the dT and the 
dT,dC zwitterionic 15mers (la and 3a) and -35*^0 for the 
2'-0-methyluridine derivative (2 a). The enliancement in in 1 M 
NaCl solutions is less, but still significant. It is noteworthy that the 
affmity of 3a is relatively high at pH 7, even though the probe 
contains several dC units. Strong binding of this unsy mi iictrical, 
mixed base probe to the double-stranded target is consistent with 
a structure in which the third strand is oriented parallel to the 
purine strand, as in otlier triple-stranded complexes derived from 
two pyrimidine and one purine strand. 

In contrast to the results with the *a' stereoisomeric oligomers, 
the phosphoramidate ohgomers with the opposite configuration 
at phosphorus (*b*) exliibited very low affmity for the double- 
stranded targets. Since the absolute configuration of the isomers 
has not yet been definitively assigned, and structural information 
on the geometry of tlie triple strand complex is limited, 
speculation on the reasons for these differences is premature. It is 
interesting, however, that the configuration at tlie phosphoramidate 
links that favors binding of an oligonucleotide probe to double- 
stranded DNA is tiie same that favors binding to a single-stra iidcd 
target to give a double-stranded complex (S>). 

Gryaznov et al have shown that oligodeoxyriboiiucleotide 
N3'-P5' phosphoramidate derivatives bind to DNA duplexes to 
give unusually stable pyr.pur.pyr and pur.pur.pyr complexes 
(2«-),2 1 ), and Nielsen et al. have fomid that * peptide nucleic acids* 
(PNAs) interact with appropriate DNA sequences by strand 
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invasion to give PNApur.PNA triple-stranded segments (22-24). 
The sterco-uniform cationic phosphoramidate derivatives comprise 
another family of oligonucleotide analogues that bind strongly to 
double-stranded DNA targets. Since these three families differ 
from one another in physical and chemical properties and, no 
doubt, in behavior in biological systems as well, they offer the 
chemist rich opportunities for tailoring DNA binding agents for 
specific applications. 



tion reaction leading to their formation, must reflect the presence 
of the stereo-uniform side chains in tlie probe. The properties of 
zwitterionic oligomers with fliis chirality may prove usefiil in 
designing novel self-assembly systems based on oligonucleotide 
hybridization. 
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<LV.dA.dT triple strands 

A surprising set of equilibria was found for systems containing 
d(T+T-)7T isomer lb and poly (dA) or d(Ai 5C4 Ai 5) in 1 M NaCl 
solution. A model consistent with the data is indicated schematically 
in Chart 2 for a system containing lb and poly(dA) in a 1 dT/ldA 
ratio. According to this, at O^C the components form a 
double-stranded complex; at 30°C they exist as a dA.dA.dT 
triple-stranded complex and an equivalent of free lb; and at 50*^C 
the complex is fully dissociated. The transitions between the 
states are relatively sharp (Tm 22 and 42 °C) and equilibrium is 
established rapidly both on heating and cooling the solution. The 
system mvolvtng d(Ai5C4Ai5) fits the same scheme, but with a 
dC4 strand serving as the linker to facilitate aligmnent of two 
dAi5 segments. The importance of the configuration of the 
phosphoramidate linkages is shown by the fact that oligomer la, 
in contrast to lb, did not form triple stranded complexes of this type. 

p^w^ftrrr— t ^ ^w^h-^^^ . „ 

I 

^ r^4Ay 

|. _ + lb _ 

Chart 2. 

Two features in these equations are unusual, though not without 
some related precedents: (i) formation of a stable triple-stranded 
complex containing exclusively dA.dA.dT triads, and (ii) formation 
of a triple-stranded complex by a thermally induced dispropor- 
tionation of a double-stranded complex. Although a number of 
examples of pur.pur.pyr triplexes have been reported (see 5-8 for 
representative cases), the stable complexes containing dA.dA.dT 
triads that have been described have also contained dG units in 
one of the purine strands. Pilch et al have noted that "...the 
presence of guanine residues appears to be crucial for stabihzation 
of short pur.pur.pyr triplexes" (8). For the ribonucleotide family, 
however, Broitman et al. have described a triple-stranded complex, 
poly(A).poly(A).poly(U), which can form when the degree of 
polymerization of poly(A) falls in the range of -28-1 50 (25), and 
Lauceri et al. (26) have shown that cationic porphyrins in low 
concentration induce formation of poly(A),poly(A).poly(U) 
triple-stranded complexes from high molecular weight poly(A) 
(>400 bp). With respect to thermally induced disproportions, 
examples affording pyr.pur.pyr complexes have been reported for 
both ribonucleotide, [poly(A).poly(U)] (:?7,;>8,25), and deoxy- 
ribonucleotide polymers, [poly(dTdC).poly(dGdA)] (29-31). 

We conclude that the unusual stability of the dA.dA.dT 
complexes containing oligonucleotide lb, aiid the disproportiana- 



Tlie research at Northwestern University was supported by a 
research grant from the Chiron Corp. We thank Dr Paul Loach for 
use of the CD spectrophotometer. 



REFERENCES 



1 Moser.H.E. and Dervan,RB. (1987) Science, 238, 645-650. 

2 Maher,L.J., Wold,B. and Dervan,P.B. (1989) Science, 245, 726-745. 

3 Felsenfeld.G., Davies^D.R. and Rich A. (1957) J. Am. Cham. Soc. 79, 
2023. 

4 Amott,S. and Selsing^E. (1974) J. Mol Biol 88, 509-521. 

5 Lipsett,M.N. (1964)/ Biol Chem. 239, 1256-1260. 

6 Cooney,M., Czernuszewicz,G., Postel,E.H., Flint,!, and Hogan,M.E. 
(1989) Science, 241, 456-459. 

7 Beal,RA. and Dervan,RB. (1992) Nucleic Acids Res. 20,2773-2776. 

8 Pilch,D.S., Levenson.C. and Sliafer,R.H. ( 1 99 1 ) Biochemistry, 30, 
608K6087. 

9 Hom,T., Chaturvedi,S., BaIasubramaniam,T.N. and Letsinger,R.L. (1996) 
Tetrahedron Lett., 37, 743-746. 

1 0 Fasinan,G. (ed.) (1 975) Handbook of Biochemistry and Molecular Biology, 
irdEd,, CRC Press, Cleveland, OH, p. 589. 

1 1 JagerA-, Levy,M, J. and Hecht,S.M. (1988) Biochemistry, 27, 7237-7246. 

12 Fathi,R., Hiiang,Q., Coppola,G., Delaney,W„ Teasdale,S., Krieg,A.M. and 
CookA-F. {mA)Nucleic Acids Res., 22, 55416-55424. 

13 Ozald,H., Yamana,ICand Shimidzu,T. (1989) TetraJiedmn Lett. 30, 
5899-5902. 

1 4 Ozaki,H. , Masanori,K., Yamana,K. , Murakami A- and Shimidzu,!. ( 1 990) 
Bull Chem. Soc. Jpn, 63, 1929-1926. 

1 5 Wilk,A., Uznanski,B. and Stec.W.J. (199 1) Nucleosides Nucleotides, 10, 
319-322. 

1 6 Loschner,T. and Engels,J.W. ( 1990) Nucleic Acids Res., 18, 5083-5088. 

17 Seela,F. and Kretchmer,U. (1991)7. Org. Chem., 56, 3861-3868. 

1 8 Escude,C., Sun,J.-S., Rougee,M., Garestier,T. and H6l6ne,C. ( 1 992) CR. 
Acad. Set. Paris III, 315, 521-525. 

19 Wens,R.D., Larson.J.E., Grant,R.C., Shortle,B.E. and Cantor,C.R. (1970)/ 
Mol Biol 54, 465-497. 

20 Gryaznov,S. and Chen,J.-IC (1994)/ Am. Chem. Soc. 116, 3143-3144. 

2 1 Gr/aznov,S. M., Lloyd,D.H., Chen, J.-K., Schullz,R.G,. DeDionisio,L. A., 
Ratmeyer,L. and Wilson, W.D. (1995) Proc. Nail Acad Sci. USA, 92, 
5798-5802. 

22 Nielsen,RE., EghoIm,M.; Berg,R.H. and Buchardt,0. {\99\) Science, 254, 
1497-1500. 

23 Chemy,D.Y., Belotserkovskii,B.R, Frank-Kamenetskii, MD., Eg!ioliTi,M., 
Buchardt,0., Berg, R.H. and Nielsen,RE. {\993) Proc. Natl Acad Sci 
USA, 90, 1667-1670. 

24 Nielsen,RE., Egholm,M., Berg,R.H. and Buchardt,0. (1 993) Nucleic Acids 
to , 21, 197-200. 

25 Broitman,S,L., Im,D.D. and Fresco,J.R. (1987) Proc. Natl Acad. Sci. USA, 
84,5120-5124. 

26 Laiiceri,R., Campagna,T., ContinoA- and PurreUo,R. {\996)Angew. 
Chem. InL Ed Engl, 35, 215-216. 

27 Miles,H.T. and Freaier,]. Biochem. Biophys. Res. Comm. (1964) 14, 
129-136. 

28 Stevens,C.L. and Felsenfeld,G. ( 1 964) Biopolymers, 2, 293-3 1 4. 

29 Lee,J.S., Johnson,D.A. and Morgan A-R- (1979) Nucleic Adds Res. 6, 
3073-3091. 

30 L€e,J.S., Woodsworth,M.L., Latimer,L.J.R and MorganA-R. (1984) 
Nucleic Acids Res. 12, 6603-6613. 

3 1 Hampel.K-J., Crosson,R and LeeJ.S. (1 99 1 ) Biochemistry, 30, 4455-4459. 



STIC-ILL 



From: .1 . 1 / Vogel, Nancy 

Sent: - j W. /I V) Thursday, December 09, 2004 2:09 PM 

To: r llpy STIC-ILL 

Subject: / 1/ refs for 10/045,1 16 (references fronr 



from lost parent case 09/033,555 ) 



Please send me the following: 

Proc. Natl. Acad. Sci. USA (1 989) 86:4574-4578 'laJiC_JL„BioTech.^^MAIN. 

UO Vol NO. Mf^-^ __,u L_^ 

Virol. 1 997 227:239-244 ^Z^fSM^SmT. 

Virolo 1994 202:695-706 J^j ^Jo^ D> - 

Virolo 1993 193:631-641 

Genes and Dev. 1988 2:453-461 

Nucleic Acid Research 1 983 1 1 1 7 :6003-6020 . 

Proc. Natl. Acad. Sci. USA 1994 91:8802-8806 
J Virolo I 993 67 10 :591 1-592 1 

Anticancer Res. 1997 17:1471-1505 

J Immunol. 1988 141 6 :2084-2089 

J Virol. 1989 63 2 :631-638 

Science 1989 244:1288-1292 

Chang et al. Cancer Gene therapy Using Novel Tumor specific Replication Competent 
Adenovirus Vectors" Cold Spring Harbor Gene Thera Meeting Sept. 1996 

' Nucleic Acids Res. 1996 24 12 :2318-2323 

Current Protocols in Molecular Biology 

Ausubel et al.. eds., 1987 , Supp. 30. section 7.7.18 Table 7.7.1 

Nature (1989) 337:387-388 

Advances in Virus Research 1986 31 : 169-228 

Biochem. Biophys. Acta 1 982 651 : 1 75-208 

Mol. r^H RinljLQRQ 9 m :41 5^ 

"JVirdri997 71 (1) :548-561 



EMBO J 1984 3 (12) :291 7-2922 
J Genetic Virolo 1977 68:937-940 
1973 Virolo 52:456-467 
1987 J Gen. Virol 36:59-72 
Biochem. J. 1987 241:25-38 



Hallenbeck PL et a1 ., Novel Tumor Specific Replication Competent Adenoviral Vectors for Gene 
Therapy of Cancer" abstract no. 0-36 Cancer Gene Thera 1996) 3 (6) :S19-S20. 

J. Biol. Chem. 1995 270 (8) :3602-3610 . 
J Biol. Chem. 1994 269 (39) :23872-23875 
Adv. Dru Delive Rev. 1995 17:279-292 



Journal OF Virology, Jan, 1997, p. 548-561 
0022-538X/97/$04.00+0 

Copyright © 1997, American Society for Microbiology 



Vol. 71, No. 1 



The Early Region IB 55-Kilodalton Oncoprotein of Adenovirus 
Relieves Growth Restrictions Imposed on Viral 
Replication by the Cell Cycle 

FELICIA D. GOODRUM^ and DAVID A. ORNELLES^ ^* 

Molecular Genetics Progmm^ and Department of Microbiology 

School of Medicine, Wake Forest University, Winston-Salem, North Carolina 27157-1064 

Received 23 July 1996/Accepted 20 September 1996 

ThP FIB 55-kDa oncoprotein of adenovirus enables the virus to overcome restrictions imposed on viral 
rep^^Uou by tSfce^^^^^^^ 20% of HeLa cells infected with an ElB 55-kDa mutant adenovinis 

LllSct^^th a wild-type adenovirus produced virus. The yield of ElB mutant virus trom randomly cyclmg 
hS cStl^^^^^ fraction of cells in S phase at the time of infection. In synchronously growmg 

Seta S rp| rS™75% of the cells infected dllring S phase with the ElB mutant virus produced virus, 
whteas onl7 cells infected during G, produced virus. The yield of ElB mutant virus from HeLa oells 

7nZu^r^ during S uhase was sevenfold greater than that of cells infected during G, and threefold greater than 
£ ofcS^^^^^^^^ growth, cells infected during S P^-« 

IxhMted ^^^^^^^ cytopathic effects, whereas cells infected with the ElB mutant virus durmg G, exh*ited a mrid 
c^SJS DNA synthesis appeared independent of the cell cycle because eqmvalen ainounts of 

vfraf DNA were synthesized in cells infected with either wild-type or ElB mutant vinis. The inabiUty of the ElB 
mutaM ^r^s U> replicate was not mediated by the status of p53. These results define a P^f ^ty of the 
K ti-n™ anii^^^ of adenovirus in relieving growth restrictions imposed on viral replication by the cell c^cle. 



Adenovirus (Ad) encodes proteins that deregulate normal 
cellular growth to the advantage of viral replication (reviewed 
in references 7 and 67). The oncoproteins of Ad are encoded 
within the early regions lA (the ElA 12S and 13S proteins) 
and IB (the ElB 55-kDa and 19-kDa proteins). The ElA 
proteins have been shown to deregulate the cell cycle and 
induce cellular DNA synthesis by binding cellular regulatory 
proteins such as pRb and p300 (reviewed in reference 17). Less 
is known about the function of the large tumor antigen of Ad, 
the ElB 55-kDa protein, during the lytic infection and during 
cellular transformation or how these functions are linked (61, 
69) 

During the late stage of a lytic infection, the ElB 55-kDa 
protein, in complex with the E4 34-kDa protein, preferentially 
facilitates the transport of viral mRNA while impedmg the 
transport of cellular mRNA (4, 8, 23, 36, 45). Consequently, 
Ad mutants that fail to express the ElB 55-kDa protem are 
defective for expression of viral late proteins. The defect in 
mRNA transport lies at an intranuclear step after mRNA 
synthesis but before translocation through the nuclear pore 
complex (36, 45). The ElB 55-kDa protein has also been dem- 
onstrated to directly inhibit host protein synthesis by mecha- 
nisms unrelated to the inhibition of mRNA transport (3). 

Alone the ElB 55-kDa protein has no transforming activity 
(64) However, the ElB 55-kDa and ElB 19-kDa protems 
cooperate with the ElA proteins to fully transform non- 
permissive cells (6, 18, 20, 54). The ElB 55-kDa protein con- 
tributes to transformation by inactivating the cellular tumor 
suppressor p53 (73). This inhibition of p53-mediated transac- 
tivation is required for transformation by both the weakly on- 
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cogenic group C and highly oncogenic group A Ad (30, 72, 74, 
75). In addition, the ElB gene products have been shown to 
cooperate with ElA proteins to down regulate p53-driven ex- 
pression of cyclin Dl, which is required for cells to progress 
through the Gj phase of the cell cycle (60). Also in cooperation 
with ElA proteins, the ElB 55-kDa protein stimulates cellular 
DNA synthesis in nonpermissive cells (50). Thus, in coopera- 
tion with other viral proteins, the ElB 55-kDa protein appears 
to promote a favorable cellular environment for the transfor- 
mation of nonpermissive cells. 

A potential role for the ElB 55-kDa protein in deregulating 
the cell cycle during the lytic infection has been examined in 
the work presented here. Ad mutants that fail to express the 
ElB 55-kDa protein replicated poorly, producing approxi- 
mately 35-fold fewer progeny virions than a wild-type virus. 
Although each HeLa cell was infected, only 20% of the cells in 
an infected population produced progeny ElB mutant virus. 
However, as many as 75% of the HeLa cells infected with the 
ElB 55-kDa mutant virus during S phase produced virus, 
whereas only 10% of cells infected with the same virus during 
Gi produced virus. Cell populations infected during S phase 
also produced higher titers of the ElB 55-kDa mutant virus 
than cells infected during Gj. These results suggest that the 
ElB 55-kDa protein functions directly in overcoming the 
growth restrictions imposed on viral replication by the cell 
cycle. 

MATERIALS AND METHODS 
Cell culture. Cell culture media, cell culture supplements, and serum were 
obtained from Life Technologies (Gibco/BRL. Gaithersburg, Md.) throijgh the 
Tissue Culture Core Uboratory of the Comprehensive Cancer Center of Wake 
Forest University. HeLa (ATCC CCL 2, RockviJle, Md.), A549 (ATCC CCL 
185) and 293 (ATCC CRL 1573) cells were mam tamed as monolayers m Uul- 
becco-modiaed Eagle's minimal essential medimn (DMBM) supplemented with 
10% newborn calf serum (CS), 100 U of penidUin. and 100 M-g of streptomycin 
per ml Saos-2 (ATCC HTB 85) cells were maintained as monolayers in DMbM 
supplemented with 5% fetal bovine serum (FBS). 100 U of peniciUin, and 100 jxg 
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of streptomycin per ml. NCI-H460 (ATCC HTB 117) and NC1-H358 (ATCC 
CTL 5807) were purchased from the American Type Culture Collection (Rock- 
ville, Md.) and maintained in antibiotic-free RPMI 1640 supplemented with 10% 
FBS and essential amino acids. Cells were maintained in subconftuent adherent 
cultures in a 5% CO2 atmosphere at 37°C by passing twice weekly at a 1:10 
dilution. Cells were preserved in liquid nitrogen in 93% FBS and 7% dimethyl 
sulfoxide. 

Synchronization of the HeLa cell cycle was achieved by a combination of 
mitotic detachment and hydroxyurea block modified from previously described 
methods (11). HeLa cells were passaged 1:5 into 75-cni^ flasks for synchroniza- 
tion 16 to 24 h prior to the mitotic detachment. All but 5 ml of growth media was 
removed, and the flasks were tapped sharply five times on each of the three flat 
sides. The detached cells were resuspended in DMEM + 10% CS 4- 2 niM 
hydroxyurea (Sigma, St. Louis, Mo.), replated at 2 x 10^ cells per ml, and 
incubated at 3TC in a 5% COj atmosphere. After 1 h, the medium and nonad- 
herent cells were replaced with fresh DMEM + 10% CS + 2 mM hydroxyurea 
and incubated for 11 h at 37°C in a 5% COj atmosphere. At the completion of 
the incubation with hydroxyurea, the cells were washed twice with warm phos- 
phate-buffered saline (PBS) (137 mM NaCl, 3 mM KCl, 1.76 mM KH2PO4, 10 
niM NaHP04) and the last wash was replaced with normal growth medium to 
release the Gl/S block. 

Viruses. The phenotypically wild-type Ad type 5, dB09 (26), used in these 
studies served as the parent virus to the mutant viruses containing a large 
deletion in the gene encoding the BIB 55-kDa protein, dl33S (45), or the ElB 
19-kDa protein, dB31 (44). The ElB 55-kDa mutant virus, dl\520D, has been 
described previously (6). The propagation of these viruses has been described 
elsewhere (26), In brief, virus stocks were prepared by infecting 293 cells at a 
multiplicity of infection of 1 to 3. Virus was harvested 3 days after infection from 
a concentrated freeze-thaw lysale by sequential centrifugation in discontinuous 
and equilibrium cesium chloride gradients (25). The gradient-purified virus was 
supplemented with 5 volumes of 12 niM HEPES (pH 7.4), 120 mM NaCl, 0.1 mg 
of bovine serum albumin (fraction V; Life Technologies Inc.) per ml, 50% 
glycerol (Fisher Scientific, Pittsburgh, Pa.) and stored at -20°C. The titers of 
d/309 (8 X 10^ PFU per ml) and dl33S (2.5 X 10^ PFU per ml) were determined 
by plaque assays using 293 cells as previously described (25). 

For infection wiUi Ad, cells were passaged 16 to 24 h prior to infection to 
achieve approximately 40% confluence at the time of infection. Cells were 
washed twice with PBS, and the final wash was replaced with virus (5 to 10 PFU 
per cell) in Ad infection medium (PBS supplemented with 0.2 niM CaCl2, 0.2 
mM MgCl2, 2% CS, 100 U of penicillin, and 100 jjig of streptomycin per ml). The 
virus was added at one-fourth the normal culture volume, and the cells were 
gently rocked for 60 to 90 min at 3TC. The virus suspension was then replaced 
with normal growth medium, and the infected cells were returned to 37°C. 

Electron microscopy. HeLa cells were fixed for transmission electron micros- 
copy with 2.5% glutaraldehyde in PBS + 1.5 mM MgClz at 20 h postinfection. 
The fixed cell pellet was postfixed with osmium tetroxide in phosphate buffer and 
dehydrated in a graded series in alcohol. Specimens were infiltrated with Spurr's 
resin-propylene oxide and cut into approximately 100-nm-thick sections vrith a 
diamond knife. Sections were collected on copper grids and stained with uranyl 
acetate and lead citrate and anatyzed at 80 keV with a Philips 4O0 transmission 
electron microscope. Specimens were embedded and sectioned by MicroMed, 
the Electron Microscopy Core Laboratory of the Comprehensive Cancer Center 
of Wake Forest University. 

Indirect inimunoflaorescence. Indirect immunofluorescence and photomicros- 
copy of whole cells was performed as described previously (43). For staining the 
Ad E2A 72-kDa DNA-binding protein, the B2A 72-kDa-specific monoclonal 
antibody (clone B6-8) (51) was used as hybridoma cell medium diluted 1:2 in 
Tris-buffered saline (137 mM NaCl, 3 mM KCl, 25 mM Tris-Cl [pH 8.0], 1.5 mM 
MgClz, 0.5% bovine serum albumin, 0.1% gfycine, 0.05% Tween 20, 0.02% 
sodium azide). The primary antibody was visualized with flnorescein-conjttgated 
goat antibodies specific for mouse immunoglobulin G (Jackson Imniunore- 
search, West Grove, Pa.). Cells were examined and photographed by epifluores- 
cence with a Leitz Dialux 20 EB microscope. 

Plaque assay for infectious centers. The percentage of cells producing virus 
was determined by a modified plaque assay for infectious centers (34, 58). Either 
asynchronous or synchronized HeLa cells were passed to 2 x Itf* cells per ml 16 
to 24 h prior to infection. HeLa cells were infected with 5 to 10 PFU per cell of 
either the wild-type (ti/309) or the ElB 55-kDa mutant {dI33S) virus. The in- 
fected cells were incubated with virus for 2 h at 37°C to allow viral attachment 
and penetration. The virus was removed, and cells were washed twice with PBS. 
The cells were collected, and the extracellular virus was inactivated by incubation 
with 0.25% trypsin-EDTA for 10 min at 37°C. The trypsin was neutralized with 
DMEM + 10% CS. The infected cells were diluted to various cell densities 
(4,000, 2,000, 1,000, 500, and 250 cells per ml) in DMEM + 10% CS, and 0.1 ml 
of each cell dilution was added to 0.1 ml of 2.8% agarose type VII (Sigma) in 
DMEM with 0.6% sodium bicarbonate at 42°C. The cells were gently overlaid 
onto subconftuent 293 cells plated in 65-mm-diameter dishes. Once the initial 
agar overiay solidified, cells were overiaid with 0.7% SeaKem ME agarose 
(FMC, Rockland, Maine) in DMEM with 0.75% sodium bicarbonate and 4% CS. 
The infected cells were scored as plaques by staining with neutral red on day 9 
after infection. The data were analyzed by plotting the number of infectious 
centers (plaques) obtained versus the number of infected cells plated. 



TCID50 assay for infectious centers. The percentage of HeLa cells producing 
virus was statisticalfy determined from a modification of the 50% tissue culture 
infectious dose (TCID50) assay (15). Asynchronous or ^chronized HeLa cells 
were passaged, infected, and harvested 2 h postinfection as previous^ described 
for the plaque assay for infectious centers. The infected cells were diluted in 
growth medium to 1,000, 250, 64, 16, 4, 1, and 0.24 cells per ml, and mock- 
infected HeLa cells were diluted to 1,000 cells per ml. One-tenth milliliter of 
each dilution was added to each of 12 wells of a 96-well culture dish, and the 
infected HeLa cell culture was returned to growth conditions. At 48 h postin- 
fection, the infected HeLa cells were lysed in the 96-well dish by freezing and 
thawing three times. The entire HeLa cell lysate containing any released progeny 
virus was transferred onto subconftuent monolayers of 293 cells grown in a 
96-well dish. The plate was scored for infected wells 5 days later by evaluating the 
293 cell monolayer at low power through an inverted microscope for q^topathic 
effect. The fraction of infected wells was expressed as a function of the number 
of infected HeLa cells added to each well, and the data were fit to equation 1: 

- 1 
^ " 1 + ia/n)' 

where / is the fraction of infected wells and n is the number of cells added per 
well. The parameters a and b were determined by the method of nonlinear, least 
squares analysis using MacCurvefit (Kevin Raner Software, Waverley, Austra- 
lia). When b is fixed at 1, is the TCID50. By assuming a Poisson distribution for 
the number of infected cells and setting b = 1, the number of cells required to 
obtain an infectious center (virus-producing cell) was determined by soh^ing 
equation 1 for n when / = \/e = 0.632, The error associated with b after b was 
forced to 1 was typically ±0.15 and did not exceed ±0.35 for any values presented 
in Table 1. 

Flow <7tonietry. HeLa cells were detached with trypsin and fixed in 70% 
ethanol for 1 h to overnight. The ethanol was removed, and the cells were 
resuspended to approximately 10*^ cells per ml in propidium iodide buffer (100 
mM NaCl, 36 niM sodium citrate, 50 jA,g of propidium iodide per ml, 0.6% 
Nonidet P-40) supplemented with 0.04 mg of RNase (Sigma) per ml and Nonidet 
P-40. The cells were filtered through nylon mesh and passed through a 27.5- 
gauge needle to achieve a single-cell suspension. The DNA content of individual 
cells was measured by fluorescence-activated cell sorting (FACS) using a Coulter 
Epics XL flow cytometer (Coulter Corp, Miami, Fla.) with an argon laser as the 
^citement source (488 nm). The emitted light was analyzed for forward and 90° 
scatter, pulse width (to discriminate doublets), and red fluorescence (>630 nM) 
of propidium iodide to determine the DNA content per nucleus. In most cases, 
40,000 events were measured in each analysis. The resulting data were acquired 
in list mode for discriminatory analysis such as the use of standard gating 
procedures to define distinct populations of cells, doublets, and debris. All flow 
cytometric analyses were conducted by the Steroid Receptor Laboratoiy in 
cooperation with the Hematology Flow Cytometry Laboratory of North Carolina 
Baptist Hospital. 

Plaque assays. Detailed methods for Ad plaque assays have been described 
elsewhere (25). In brief, virus was harvested from HeLa cells in culture medium 
48 to 72 h postinfection by multiple cycles of freezing and thawing. The cell 
lysates were clarified by centrifugation and serially diluted in infection medium 
for infection of 293 cells for plaque assays. After incubation with lysates for 1 h, 
the 293 cells were overlaid with 0.7% SeaKem ME agarose (FMC) in DMEM 
supplemented with 0.75% sodium bicarbonate and 4% CS. The cells were fed 
with additional overlays every third day for 7 days. The plaques were visualized 
by staining with neutral red in an agarose overlay. 

DNA slot blot. The DNA slot blotting procedure has been described previously 
(2, 29) and is briefly described here. Total cellular DNA was isolated from 
infected HeLa cells. HeLa cells were collected, pelleted, and resuspended in 10 
mM Tris, pH 8.0. An equal volume of lysis buffer was added (400 mM Tris-HCl 
[pH 8.0], 100 mM EDTA 1% sodium dodecyl sulfate, and 200 ^xg of proteinase 
K per ml), and the cells were kept at 50°C for 1 h. DNA was extracted with 
phenol-chloroform, precipitated, and quantified by spectrophotometry (^260) ■ 
Equivalent amounts of total cellular DNA were blotted onto Nytran nylon 
membranes (Schleicher & Schuell, Inc., Keene, N.H.) using a manifold device 
(Life Technologies, Gaithersburg, Md.) and vacuum. The immobilized DNA was 
denatured, neutralized, and cross-linked to the matrix with UV light (Stralal- 
inker; Stratgene, La Jolla, Calif.). The DNA was then hybridized with an excess 
of [a-^^P]dATP-labeled (ICN, Costa Mesa, CaHf.) DNA probe generated by 
random-primed synthesis of wild-type Ad DNA (2). Hybridized probe was quan- 
tified with the use of a Molecular Dynamics Phosphorlmager and ImageQuant 
anafysis software (Molecular Dynamics, Sunnyvale, Calif.). 

RESULTS 

The ElB 55-kDa mutant Ad produces virions in a subpopu- 
lation of infected HeLa cells. Previous work demonstrated that 
HeLa cells infected with the ElB 55-kDa mutant Ad (i/338 
produce nearly 2 orders of magnitude fewer progeny virus than 
cells infected with the wild-type Ad, dl^09 (45). However, not 
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FIG. 1. Only 20% of HeLa cells infected with an ElB 55-kDa mutant virus contain viral particles, whereas all cells infected with a wild-type virus contain viral 
particles. Monolayers of HeLa cell were mock infected (A to D) or infected with either the wild-type virus, dl309 (E to H), or the ElB 55-kDa mutant virus, (I 
to L), at a multiplicity of 10 PFU per cell. At 20 h postinfection, cells were fixed in 2.5% glutaraldehyde, embedded, and sectioned for transmission electron microscopy. 
Nearfy ail (>97%) cells infected with wild-type virus contained electron-dense viral particles in the nucleus by 20 h postinfection. Four representative wild-type 
virus-infected cells are shown in panels B through H. Of the four representative cells infected with the BIB mutant virus (I to L), only the cell in panel L di^lays viral 
particles in the nucleus. All cells shown are representative of each infected population. Bar, 2 jtm. 



all cells infected with the ElB 55-kDa mutant virus contained 
progeny viral particles when evaluated by electron microscopy, 
as shown in Fig. 1. HeLa cells were mock infected or infected 
with either wild-type or ElB 55-kDa mutant Ad and processed 
for transmission electron microscopy 20 h after infection. The 



nuclear structures evident in the mock-infected cells seen in 
Fig. lA to D include the nucleolus, cellular chromatin, and 
granules of chromatin or ribonucleoprotein. In cells infected 
with wild-type virus, the nuclear membrane has become crenu- 
lated, the nucleolus has changed in appearance, and cellular 
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chromatin has condensed at the periphery of the nucleus. In 
addition, virus-specific inclusions and virus particles were evi- 
dent in the nuclei of nearly all cells infected with the wild-type 
virus (Fig. IE to H). At the magnification of Fig. 1, the virus 
particles appear as small, densely stained particles. At higher 
magnification, the Ad particles are icosahedral in symmetry 
and are uniform in size and shape (Fig. 2B, inset). 

Strikingly, the majority of cells infected with the ElB 55-kDa 
mutant virus failed to produce any intranuclear viral particles, 
although all cells contained the characteristic viral nuclear 
inclusions and displayed crenulated nuclear membranes (Fig. 
II to L). In more than 400 infected cells evaluated by transmis- 
sion electron microscopy, approximately 20% of the ElB mu- 
tant virus-infected population contained virus. Of the four re- 
presentative cells infected with the ElB 55-kDa mutant virus in 
Fig. II to I^ only the cell in panel L contained progeny virus par- 
ticles. In addition, those ElB 55-kDa mutant virus-infected cells 
that contained progeny virus particles appeared to contain 
fewer progeny virions than any wild-type-infected cell examined. 
Thus, although 20% of the population of ElB mutant virus-in- 
fected cells appeared to permit replication of the mutant virus, 
these cells produced less than a wild-type yield of virus. This 
result is to be expected because if 20% of the cells (1 in 5) pro- 
duced ElB mutant virus, each cell would have to produce ap- 
proximately 20- fold fewer virus particles than those seen in a wild- 
type virus-infected cell to account for the 100-fold reduced 
yield compared with cells infected with the wild-type virus. 

The cells in Fig. IK and L, are shown at higher magnification 
in Fig. 2A and B, respectively. The cell shown in Fig. 2 A failed 
to produce intracellular virus and represents approximately 
80% of the ElB 55-kDa mutant virus-infected cell population. 
The cell seen in Fig. 2B contains intracellular virus that can be 
seen in the enlarged inset of a representative region of the 
nucleus. This cell is typical of 20% of the HeLa cells infected 
with the ElB mutant virus. Except for the paucity of virus 
particles in the nucleus, the ultrastructural morphology of cells 
infected with the ElB 55-kDa mutant virus was similar to that 
of cells infected with the wild-type virus. 

Among cells infected with either the ElB 55-kDa mutant or 
the wild-type virus, all cells appeared to be infected as deter- 
mined by electron microscopy. During the late phase of infec- 
tion, the nucleus becomes occupied by clear fibrillar inclusions, 
referred to here as viral inclusions (Fig. 2, VI). The viral 
inclusions seen in the electron micrographs indicated a suc- 
cessful infection by either the wild-type or ElB 55-kDa mutant 
Ad infection. These inclusions were apparent in all infected 
cells that were examined and can be recognized in the low 
magnification images of Fig. IE to L. Mock-infected cell nuclei 
were devoid of structures resembling viral inclusions (Fig. lA 
to D). Viral inclusions have been shown to be the centers of 
viral DNA synthesis and accumulation (9, 38, 40, 47, 48, 66) 
and late viral RNA synthesis and processing (38, 40, 46, 49, 70). 

An alternative assay using indirect immunofluorescent stain- 
ing for the Ad E2A 72-kDa DNA-binding protein confirmed 
that essentially all cells (>99%) were infected with either wild- 
type or ElB 55-kDa mutant virus under the conditions used in 
this study. HeLa cells were infected with either the wild-type or 
the ElB 55-kDa mutant virus at 10 PFU per cell and processed 
for indirect immunofluorescence at 14 h postinfection. Cell 
nuclei were visualized by staining with 4,6-diamidino-2-phe- 
nylindole (DAPI, Sigma) a nonspecific DNA-binding stain 
(Fig. 3A and C). Tlie cells were also stained with a monoclonal 
antibody (B6-8) against the Ad DNA-binding protein that lo- 
calizes to the viral inclusions late in infection (51). Viral inclu- 
sions were visualized as discrete points of fluorescence in the 
infected cell nucleus. The representative fields of wild-type 




FIG. 2. The ElB 55-kDa mutant virus appears to replicate in only 20% of the 
infected HeLa cells. The ElB 55-kDa mutant virus-infected cells in panels K and 
L of Fig. 1 are shown at higher inagnification in panels A and B of this figure, 
respectively. The cell in panel A is representative of approximately 80% of the 
cells in an ElB 55-kDa mutant virus-infected population. The cell in panel B is 
representative of 20% of the BIB 55-kDa mutant virus-infected cells. The insets 
are threefold enlargements of the boxed regions of the nucleus. Adencwirus 
particles are clearly evident (arrowhead) in the enlarged inset of panel B, where- 
as no virus particles are apparent in panel A. The presence of viral inclusions 
(VI) in nearly all cells eacamined indicates that all cells were infected. Bar, 1 \im. 



virus- and ElB mutant virus-infected cells shown in Fig. 3 
demonstrate that all cells were infected (compare Fig. 3A with 
B and C with D). Taken together, the electron microscopic and 
immunofluorescent analysis indicated that all cells were in- 
fected, although not all cells in the ElB 55-kDa mutant virus- 
infected populations contained intracellular virus. 
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FIG 3 All cells infected with the wild-type or BIB 55-kDa mutant virus are infected, as determined by an imniunofluorescent a^y for the E2A DNA-binding 
proTe?n. He^^^ cdk we^Tnfected with either'the wild-type virus. 41309, or the ElB 55-kDa mutant >arus^ ^^8 at a multiphcity of 10 PFU P- -" J^- ^^^^^ 
p oceLd for indirect immunofluorescence at 16 h postinfection. All cells in the field are visuahzed by DAPI staming as seen m panels A and C^^^^^ E2A 72-kDa 
DNA-binding protein was visualized by indirect immunofluorescence in cells infected with the wild-type virus m panel B and m cells mfected with the BIB 55-kDa 
mul^r^TpanS D. TypicaUy. greater than 99% of the cells visualized with DAPI also demonstrated DNA-bindmg protem-specific fluorescence. Bar. 20 ^.m. 



The failure of the cells infected with dl33S to produce virus 
in most infected cells is a property shared by another ElB 
55-kDa mutant virus, dllSlO. The large deletion and prema- 
ture termination codon in the ElB 55-kDa coding region of 
d/1520 precludes expression of any ElB 55-kDa-related pro- 
tein (6), whereas the deletion present in the dl33S genome 
could allow expression of a truncated (17-kDa) ElB 55-kDa 
protein. HeLa cells were infected with the ElB 55-kDa mutant 
virus, <i/1520D, or the ElB 19-kDa mutant virus, dl3?>l, at 10 
PFU per cell. At 20 h postinfection, the infected cells were 
processed for transmission electron microscopy. In an identical 
manner to HeLa cells infected with only 20% of the cells 
infected with (i/1520 produced progeny virions (data not 
shown). By contrast, all cells infected with the ElB 19-kDa 
mutant virus, dB31, produced progeny virus (data not shown). 
These results suggest that the inability to repHcate in all in- 
fected cells is a property of viruses containing mutations that 
specifically inactivate or delete the ElB 55-kDa coding region 
and is not common to all mutations within the early region IB. 

The results obtained by electron microscopy suggest that 
only 20% of the HeLa cells infected with the ElB 55-kDa 
mutant virus produce particles that appear to be progeny viri- 
ons. These morphological data were confirmed by a plaque 
assay modified to measure virus-producing cells or infectious 
centers. For this assay, HeLa cells were infected with either the 
wild-type or the ElB 55-kDa mutant virus at 10 PFU per cell 
for 90 min. The extracellular virus was inactivated by incubat- 
ing the cells with a mixture of trypsin and EDTA for 10 min. 



Various numbers of infected HeLa cells in molten agar were 
overlaid onto a monolayer of 293 cells. 293 cells express the 
early region 1 products of Ad5 and are permissive for the 
replication of all Ad El mutants (21). Plaques were formed 
when an infected HeLa cell in the agar overlay successfully 
replicated the virus and lysed and infected 293 cells below the 
agar overlay. The number of plaques obtained was plotted on 
the abscissa as a function of the number of infected cells 
plated. In the representative experiment shown in Fig. 4, the 
line corresponding to cells infected with the wild-type virus 
(circles) has a slope of 0.24 ± 0.05 infectious centers per cell, 
whereas the slope of the line corresponding to cells infected 
with the ElB mutant virus (squares) is 0.060 ± 0.003. ^fhe ratio 
of these values (0.06/0.24) is 0.25, indicating that cells infected 
with mutant virus produce infectious centers at 25% of the 
frequency of cells infected with the wild-type virus. From six 
independent experiments, an average of 22 ± 4% of cells 
infected with the ElB 55-kDa mutant virus produced infec- 
tious progeny virus compared to cells infected with the wild- 
type virus. These results precisely agree with the results ob- 
tained by electron microscopy. 

Replication of the ElB 55-kDa mutant Ad is dependent on 
cell density. Because not all HeLa cells in an infected popula- 
tion replicate the ElB 55-kDa mutant virus, it seems likely that 
differences in the physiological state among individual cells 
dictate permissivity for replication of an Ad mutant that fails to 
express the ElB 55-kDa protein. Because the physiological 
state of the cells, including the specific stage of the cell cycle at 
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FIG. 4. A plaque assay for infectious centers indicates that fewer HeLa cells 
infected with the BIB 55-kDa mutant virus replicate the virus than cells infected 
with the wild-type virus. HeLa cells were infected with either the wild-type virus, 
or the BIB 55-kDa mutant virus, d/338, at a multiplicity of 5 to 10 PFU per 
cell. The virus was inactivated, and the infected HeLa cells were harvested 90 
min postinfection and diluted in molten agar. Various numbers of infected ceils 
in agar were overlaid onto a monolayer of 293 cells. Plaques were formed when 
an infected HeLa cell in the agar overlay successfully replicated the virus and 
lysed and infected 293 cells below the agar overlay. The number of plaques 
obtained was plotted on the abscissa as a function of the number of infected cells 
plated (ordinate). A representative eacperiment is shown with results obtained 
from HeLa cells infected with the wild-type virus (O) and HeLa cells infected 
with the ElB mutant virus (□). The standard error associated with the depen- 
dent variable (infectious centers) is plotted for each datum. The error associated 
with the value in the ordinate (cell number) was not determined. 



the time of infection, is sensitive to cell density, this relation- 
ship was systematically investigated (Fig. 5). For this experi- 
ment, HeLa cells were plated at various densities prior to 

infection. The cells were infected with the wild-type or the ElB 
mutant virus at 10 PFU per cell, and the virus yield was mea- 
sured by a plaque assay. Identically treated cells were har- 
vested at the time of infection and analyzed by FAGS to de- 
termine if the cell cycle distribution in the population of cells 
varied with cell density. The results shown in Fig. 5 A demon- 
strate that wild-type Ad replication is largely independent of 
cell density. By contrast, the yield of the ElB 55-kDa mutant 
virus showed an inverse dependence on cell density (Fig. 5B). 
In two independent experiments, HeLa cells infected at in- 
creasing cell densities produced lower yields of ElB mutant 
virus per cell. Furthermore, as the HeLa cell density increased, 
the percentage of cells in S phase decreased (Fig. 5C) and the 
percentage of cells in increased (not shown). These results 
agree with previous findings suggesting that as HeLa cells grow 
to increased density, they partially arrest in (32, 71). Indi- 
rect immunofluorescent staining for the Ad DNA-binding pro- 
tein demonstrated that the lower virus yields associated with 
increasing cell density were not the result of decreased infec- 
tivity. All cells in each wild-type or mutant virus-infected pop- 
ulation expressed the viral DNA-binding protein, irrespective 
of cell density (data not shown). The dependence of the ElB 
55-JcDa mutant virus on cell density for replication coupled 
with the observation that only «*20% of HeLa cells infected 
with the ElB 55-kDa mutant virus replicate the virus suggests 
that, in contrast to the wild-type virus, the ElB 55-kDa mutant 
virus requires cells to be in S phase for viral replication. 

The ElB 55-kDa mutant virus produces virus in a greater 
percentage of cells infected during S phase than cells infected 
during G^. To determine if the stage of the cell cycle at the 
time of infection impacts replication of the ElB 55-kDa mu- 



tant virus, HeLa cells were synchronized and infected at vari- 
ous points throughout the cell cycle. For all experiments using 
synchronized cells, a parallel set of cells was analyzed by 
FACS. The DNA content of each cell was measured, and this 
value was used to determine the stage of the cell cycle for each 
cell. The results of a typical synchronization procedure are 
shown in Fig. 6. Asynchronously growing HeLa cells (Fig. 6A) 
were found to contain 65% cells in Gj (or Gq), 11% in G2 or 
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FIG. 5. Replication of the BIB 55-kDa mutant virus depends on cell density. 
HeLa cells were passed to various cell densities and infected 24 h after attach- 
ment with either the wild-type virus, or the BIB 55-kDa mutant virus, 
dl338, at a multiplicity of 10 PFU per cell. Virus yields were measured by plaque 
assay using 293 cells and are expressed as PFU per cell on the abscissa versus the 
initial cell density on the ordinate. (A) Replication of the wild- type virus is poorly 
correlated with the density of the cells at the time of infection (•). The eqjo- 
nential curve shown fits the data with a correlation coefficient of 0.247, The data 
also fit a horizontal line (not shown) with a correlation coefficient of 0.243. (B) 
RepUcation of the ElB 55-kDa mutant virus demonstrated an inverse relation- 
ship to cell density (O). The data are shown fit to an exponentially decaying curve 
with a coefficient of correlation equal to 0.93. (C) The percentage of HeLa cells 
in S phase was also inversefy related to cell density (□). The data in panel C were 
obtained by plating HeLa cells at the indicated densities and harvesting the cells 
24 h after attachment. After staining with propidium iodide, the DNA content of 
the cells was measured by FACS and used to determine the number of cells in S 
phase. The data fit an exponentially decaying curve that asymptotically ap- 
proaches 15%, with a correlation coefficient equal to 0.94. 
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FIG. 6. HeLa cells were synchronized to achieve a high degree of synchrony 
as determined by FACS analysis. HeLa cells were synchronized by a combination 
of mitotic detachment and a hydroxyurea block. The hydroxyurea block was 
released with normal growth medium, and the HeLa cells were allowed to enter 
S phase ^nchronously. Asynchronously growing cells as well as synchronized 
cells obtained 0, 4, and 15 h after release of the hydroxyurea block were fixed and 
stained with propidium iodide. The intensity of the propidium iodide fluores- 
cence in individual cells was measured by FACS to determine DNA content. The 
distribution of cells between GJGq, S, and Gj/M phases of the cell cycle was 
determined by standard means as described in Materials and Methods. The 
histograms display the nuniber of cells counted at the indicated fluorescence 
intensity; these values were scaled to accommodate the maximum value for each 
panel. Typically 40,000 cells were anafyzed for each sample. Panel A shows the 
cell cycle distribution of cells in an asynchronous population. Panel B shows the 
distrfl)ution of celk immediately after the release'of the hydroxyurea block in 
which 87% of the cells occur at the Gi-S boundary. The shoulder in the curve 
appearing between channel nmubers 20 and 68 was infrequently observed in 
synchronized cell populations. These values most likely are due to dead or 
apoplotic cells and were not included in the analysis. Panel C shows the syn- 
chronous shift of 82% of the HeLa cells into S phase 4 h after release of the 
hydroxyurea. Panel D shows that 89% of the cells were found in Gi (or Gy) phase 
15 h after hydrcatyurea release. 



M, and 22% in S phase. HeLa cells were synchronized by a 
combination of mitotic detadiment and hydroxyurea block 
(11). Hydroxyurea is selectively cytotoxic to cells in S phase 
and blocks progression through the cell cycle at the GJS 
boundaiy. Removal of the hydroxyurea block permitted the 
HeLa cell populations to enter S phase synchronously. An 
effect of the hydroxyurea treatment can be seen in the histo- 
grams of cell number versus DNA content in Fig. 6B. The 



shoulder preceding the peak represents cell debris resulting 
from apoptosis of S phase cells collected by mitotic detach- 
ment and treated with hydroxyurea (63). As the synchronized 
cells progressed through the cell cycle (Fig. 6C and D), this 
shoulder decreased as apoptotic cells detached from the plates 
and were washed away. For each experiment a high degree of 
synchrony was achieved as populations of cells shifted to- ap- 
proximately 87% Gj/S phase (Fig. 6B), 82% S phase (Fig. 6C), 
or 89% Gi phase (Fig. 6D). 

HeLa cells were synchronized and infected with the wild- 
type and ElB mutant virus both during early S phase (corre- 
sponding to the cells analyzed in Fig. 6B) and during G^ (cor- 
responding to cells analyzed in Fig. 6D). The infected cells 
were analyzed by transmission electron microscopy 20 h 
postinfection. HeLa cells infected with the wild-type virus botii 
during S phase (Fig. 7A) and during Gj (Fig. 7B) contained 
progeny viral particles as expected. Viral particles from a rep- 
resentative portion of the nucleus are shown in the insets. No 
ultrastructural differences were noted between HeLa cells in- 
fected with the wild-type virus at S phase or Gj. By contrast, 
cells infected with the ElB 55-kDa mutant virus during S phase 
(Fig. 7C) appeared more permissive for replication of the 
mutant virus than cells infected during Gi (Fig. 7D) or cells 
infected as asynchronous populations (Fig. 1 and 2). Greater 
than 75% of the S phase cells infected with the ElB 55-kDa 
mutant virus produced intracellular virus particles, as deter- 
mined by electron microscopy. The percentage of S phase cells 
that failed to produce mutant virus may be partially accounted 
for by cells that were not in S phase (^=^18%) or were in late S 
phase at the time of infection due to incomplete synchrony. 
Only 10% of cells infected with the ElB mutant virus during 
Gj produced progeny virus particles (Fig. 7D). The majority of 
the cells infected with the ElB 55-kDa mutant virus during G| 
were devoid of any particles resembling virions. The small 
percentage of cells in a G| population that produced ElB 
mutant virions may result from the presence of cells that were 
in other phases of the cell cycle (S) at the time of infection due 
to incomplete synchronization. The cells depicted in the mi- 
crographs are representative of the majority of each infected 
population. The presence of viral inclusions in the nuclei of all 
the cells in each population indicated that all cells were in- 
fected (Fig. 7). The results of this electron microscopy study 
suggest that the replication of an Ad mutant that fails to 
express the ElB 55-kDa protein depends on a transient envi- 
ronment present in S phase cells at the time of infection. 

An endpoint or TCID5Q assay for infectious centers con- 
firmed that a greater percentage of cells infected with the ElB 
55-kDa mutant virus during S phase were permissive for rep- 
lication of the mutant virus (Table 1) than cells infected in G^. 
The TCID50 assay for infectious centers was developed for 
these experiments because the efficiency of detection of infec- 
tious centers was greater than that of the plaque assay for 
infectious centers. HeLa cells infected in an asynchronous 
state of growth as well as synchronized HeLa cells infected in 
early S phase or were compared using this assay. For these 
experiments, HeLa cells were infected and harvested as for the 
plaque assay for infectious centers. The infected HeLa cells 
were replated at various cell numbers (100, 25, 6.4, 1.6, 0.4, 0.1, 
and 0.024 cells per well) in a 96-weH tissue culture dish. After 
2 days of incubation to allow virus growth, the infected HeLa 
cells were lysed in situ to ensure the quantitative release and 
recovery of progeny virions. The HeLa cell lysates were as- 
sayed for the presence of infectious centers by using the lysate 
to infect a monolayer of 293 cells in a new 96-wel] tissue 
culture dish. 

The data obtained were fit to equation 1 to determine the 
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FIG. 7. HeLa cells infected during S phase appear permissive for replication of the ElB 55-kDa mutant virus, whereas cells infected during Gj do not. HeLa cells 
were infected at specific points during the cell cycle with either (A and B) the wild-type virus, dl309, or (C and D) the El B 55-kDa mutant virus, dl^SS, at a multiplicity 
of 10 PFU per cell. The cells in panels A and C were synchronized to S phase at the time of infection. The cells in panels B and D were synchronized to Gj at the 
time of infection. At 20 h postinfection, the cells were prepared for transmission electron microscopy. The cells infected with the wild-^e virus in panels A and B are 
representative of the typical wild-type virus-infected cell. The cell seen in panel C is representative of greater than 75% of the cells infected during S phase with the 
ElB mutant virus. The cell shown in panel D is representative of greater than 85% of the cells infected during Gj phase with the BIB mutant virus. The insets are 
threefold enlargements of the boxed regions of the nucleus. Virus particles (arrowheads) are evident in the insets (A, B, and C but not D). All ceUs were infected as 
determined by the presence of viral inclusions (VI). Bar, 1 jj.m. 



number of infected cells producing virus. These results indicate 
that essentially each HeLa cell infected with the wild-type virus 
was an infectious center regardless of stage of the cell cycle at 
the time of infection (Table 1). This result is consistent with 
the results obtained by electron microscopic analysis of HeLa 
cells infected with the wild-type virus. In addition, this result 
suggests that the TCID5o-based assay was more efQcient than 



the plaque-based assay for the detection of infectious centers. 
The reason for this difference is not known but may be due to 
inefficient cell lysis and release of progeny virus from cells 
embedded in the agar in the plaque-based assay. Cells infected 
during G^i appeared slightly better able to replicate the wild- 
type virus compared to a randomly cycling population or S 
phase population of cells (1 in 0.8 cells versus 1 in L4 cells). By 
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TABLE 1. Infectious centers from asynchronousty growing and 
synchronized HeLa cells infected with wild>iype 
or ElB mutant virus 



Frequency of infectious centers 



Virus 


Cell cycle" 


Replicate 
values* 




r'liii/'Uuii 

wild type 


Wild type 


Asynch 


1.3 ± 0.2 










1.6 ± 0.3 


1.4 ± 0.15 


100 ± 11 






1.1 ± 0.3 








^1 


0.72 ±0.1 








0.85 ± 0.3 


0.8 ± 0.12 


175 ± 26 






0.80 ± 0.2 








S 


1.2 ± 0.4 










1.3 ± 0.4 


1.4 ± 0.23 


100 ± 16 






1.7 ± 0.4 






ElB mutant 


Asynch 


6.7 ± 1.8 










5.0 ± 2.5 


5.4 ± 1.0 


26 ±5 






4.5 ± 1.0 








G, 


7.8 ± 2.0 








8.6 ± 3.8 


9.1 ± 1.9 


15 ±3 






10.8 ± 4.1 








S 


4.3 ± 1.5 










3.2 ± 0.7 


3.8 ± 0.65 


37 ±6 






3.9 ± 1.2 







" The cells were infected at the stage of the cell cycle indicated. Asynch, cells 
infected as a randomly cycling population. 

* The number of cells required to obtain an infectious center ± standard error 
was determined with the use of equation 1 in three independent replicates. 

*^The fraction of infectious centers (l/nuniber of cells required to obtain an 
infectious center) ± standard error is expressed as a percentage of the fraction 
of infectious centers for asynchronousty growing cells infected with the wild-type 
virus. 



contrast, only a fraction of the HeLa cells infected with the 
ElB mutant virus produced virus. Only 1 in 5.4 cells in a 
randomly cycling population of HeLa cells infected with the 
ElB mutant virus was productive. Normalized to the number 
of wild-type virus-infected cells that produce virus (1 in 1.4), 
this assay would suggest that 26 ± 5% of the ElB mutant- 
infected cells were productive. This value agrees closely with 
the value of 20% estimated by electron microscopy (Fig. 1) and 
the value of 22% estimated by the infectious centers assay by 
plaque formation (Fig. 4). Also in accord with the electron 
microscopic analysis, the results in Table 1 reveal that HeLa 
cells infected in S phase were better able to support replication 
of the ElB mutant virus than cells infected in Gj. Approxi- 
mately 2.5-fold more HeLa cells infected in S phase produced 
the ElB mutant virus than HeLa cells infected in Gj (1 in 3.8 
versus 1 in 9.1). Nonetheless, the normalized fraction of cells 
infected with the ElB mutant virus during S phase that yielded 
infectious centers (37 ±6%) was less than the value of 75% 
estimated by electron microscopy. The reason for this differ- 
ence is not understood. Because the infectious centers assay 
measures infectious virus and electron microscopy visualizes 
physical particles, it remains possible that some of the cells 
observed to contain intranuclear viral particles contained non- 
infectious virions. Finally, the fraction of cells that produced 
ElB mutant virus after being infected in G^ (15 ± 3%) is close 
to the value estimated by electron microscopic analysis. The 
differences between these two assays could partially be due to 
variations in the number of non-G^ cells in the synchronized 
population arising from incomplete synchronization and a loss 
of synchrony after progression through one complete cell cycle. 



Cells infected during S phase with the ElB 55-kDa mutant 
virus produce greater yields of progeny virus than do cells 
infected during Gj* The total yield of virus from cells infected 
at S and G-i phase was measured and compared to the yield 
from asynchronously growing populations of cells. Asynchro- 
nous populations of cells infected with the ElB 55-kDa mutant 
virus produced approximately 35-fold less virus than the wild- 
type infection (Fig. 8). Infection of synchronized cells with the 
wild-type virus demonstrated that all cells were permissive for 
rephcation of the wild-type virus irrespective of the stage of the 
cell cycle at the time of infection. However, cells infected with 
the wild-type virus during G^ produced threefold more virus 
than cells infected during S phase. By contrast, the ElB 55- 
kDa mutant virus replicated most successfully in cells infected 
during S phase, producing approximately sevenfold more prog- 
eny virus than cells infected during G^ and threefold more 
virus than asynchronous populations of cells. These results, 
taken together with the previous infectious center data ob- 
tained from synchronized cells, indicate that G^ cells are better 
suited for the replication of wild-type virus whereas S phase 
cells are better suited for the replication of the ElB mutant 
virus. 

Although HeLa cells infected during S phase were better 
suited for replication of the ElB 55-kDa mutant virus than G^ 
cells or asynchronously growing cells, S phase did not entirely 
complement the defect in viral replication. S phase cells in- 
fected with the ElB mutant virus produced ninefold less virus 
than did wild-type infection. Nonetheless, the data presented 
thus far indicate that S phase cells are the primary cells per- 
missive for replication of the ElB 55-kDa mutant virus. Ad 
mutants that fail to express the ElB 55-kDa protein have 
acquired a dependence on S phase to produce progeny virus. 
Therefore, the ElB 55-kDa protein appears to overcome re- 
strictions imposed on viral replication by the cell cycle. 

HeLa cells infected during difCerent stages of the cell cycle 
exhibited differing degrees of cytopathic effect, as seen by cell 
rounding. HeLa cells were infected as an asynchronous popu- 
lation or synchronized and infected in S phase or G^. The cells 
were analyzed by phase-contrast microscopy between 24 and 
48 h after infection. During this time, mock-infected cells grew 



Asynchronous Synchronized 




FIG. 8. HeLa cells infected during S phase produce more BIB mutant virus 
than do asynchronously growing HeLa cells or HeLa cells infected during Gj. 
Asynchronously and synchronously growing monolayers of HeLa cells were in- 
fected with either the wild- type virus, dBW, or the ElB 55-kDa mutant virus, 
(fl338, at a multiplicity of 10 PFU per cell. The phase of the cell cycle at the time 
of infection is indicated below the appropriate bar. Cells were lysed 48 h postin- 
fection, and virus yield was measured by plaque assay using 293 cells. The yield 
(PFU per milliliter) and upper range of the standard error are shown. ■■, 
wild-type virus; El B mutant virus. 
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to confluence and only mitotic cells (<5%) exhibited cell 
rounding (Fig. 9A). The cytopathic eiFect induced by the wild- 
type Ad consisted of severe cell rounding of approximately 
70% of the asynchronous infected population by 48 h after 
infection (Fig. 9B). Asynchronously growing HeLa cells in- 
fected with the ElB 55-kDa mutant virus contained approxi- 
mately 10 to 20% rounded cells (Fig. 90). All HeLa cells 
infected with the wild-type Ad during either S phase or Gj 
exiiibited a cytopathic effect similar to that seen in asynchro- 
nous cells (Fig. 9D and F, respectively). However, HeLa cells 
infected during S phase with the ElB 55-kDa mutant virus 
showed markedly more severe cytopathic effect than did asyn- 
chronous cells or cells infected during G;i (Fig. 9 compare E 
with G). Mock-infected synchronized cells exhibited cell 
rounding only during mitosis at 11 and 33 h after removal of 
the hydroxyurea block (data not shown). The cell rounding 
seen in cells infected during either S phase or G^ was not 
coincident with the anticipated time of mitosis. This observa- 
tion indicates that the cell rounding exhibited by cells infected 
during either S phase or Gi was due to virus-induced cyto- 
pathic effect and not cell division. Although an increased cy- 
topathic effect does not necessarily correlate with virus pro- 
duction, HeLa cells infected in S phase with the ElB 55-kDa 
mutant virus showed both an increased cytopathic effect and 
produced more virus than cells infected in G^. These results 
lead to the hypothesis that cells infected with the ElB 55-kDa 
mutant Ad during S phase support an infection that more 
closely resembles the wild -type virus infection. 

Cells infected with the ElB 55-lcDa mutant virus synthesize 
viral DNA to levels of the wild- type virus infection. The failure 
of Gj cells to allow replication of the ElB 55-kDa mutant virus 
could reflect a dependence of the ElB 55-kDa mutant virus on 
S phase and the cellular program of DNA synthesis in order to 
synthesize viral DNA. However, the presence of viral centers in 
the nuclei of all cells in an infected population indicated that 
viral DNA was synthesized in all cells whether or not they 
produce progeny virions. In addition, hybridization analysis of 
total DNA isolated from asynchronous populations of HeLa 
cells infected with either the wild-type virus or the ElB 55-kDa 
mutant virus demonstrated that ElB 55-kDa mutant virus- 
infected cells synthesized viral DNA to levels equivalent to 
those of wild-type virus-infected cells (Fig. 10). In two inde- 
pendent experiments, the amount of viral DNA synthesized in 
ElB mutant virus-infected cells either equaled or exceeded the 
amount of viral DNA synthesized in wild-type virus-infected 
cells. These data indicate that, in HeLa cells, the ElB 55-kDa 
mutant virus successfully completes the early phase of viral 
replication and synthesizes viral DNA to levels equivalent to 
those of the wild-type infection. Therefore, the lesion of the 
ElB 55-kDa mutant virus, and presumably the role of the ElB 
55-kDa protein, appears to reside in the late phase of viral 
replication. 

The wild-type and ElB 55-kDa mutant viruses not only 
synthesized equivalent amounts of viral DNA during the 
course of an infection but also induced the synthesis of viral 
DNA at the same time in infection. Incorporation of bromode- 
oxyuridine (BrdU) into mock-infected, wild- type-infected or 
ElB mutant-infected HeLa cells at various times postinfection 
demonstrated that both the wild-type virus- and the ElB 55- 
kDa mutant virus-infected cells induced viral DNA synthesis at 
approximately 9 h after infection (data not shown). Prior to 9 h 
after infection, approximately 25 to 30% of both mock-infected 
and Ad-infected populations of cells incorporated BrdU. By 
9 h after infection, 85 to 90% of the cells in both wild- type- 
infected and ElB 55-kDa mutant virus-infected cultures 
stained positively for incorporation of BrdU. These results 



indicate that both the wild-type and ElB mutant Ad initiate 
viral DNA synthesis at the same time in infection. 

The failure of the ElB 55-kDa mutant virus to replicate in 
all infected cells is not mediated by p53. The experiments 
discussed above were conducted with HeLa cells that contain a 
wild-type p53 gene. Normally, the HeLa p53 protein is inacti- 
vated by the human papillomavirus early protein E6 (56, 68). 
However, Ad infection of HeLa cells has been shown to elevate 
levels of p53, which could hinder viral replication by inducing 
a G^ growth arrest and inhibiting viral DNA synthesis (13, 22). 
During an Ad infection, the ElB 55-kDa protein binds and 
inactivates p53 (55, 72, 75). Thus, the failure to inactivate p53 
may account for the inability of the ElB 55-kDa mutant virus 
to replicate in all infected cells. To address this hypothesis, two 
wild-type p53 cell lines, H460 and A549 (10, 35), and two 
p53-null cell lines, H358 and Saos-2 (39, 62), were analyzed for 
the ability to allow replication of the ElB mutant virus. If the 
failure of the ElB 55-kDa mutant virus to replicate was me- 
diated by p53, we would expect that the mutant virus would 
replicate to levels approaching those of the wild-type virus in a 
p53-null cell line and repUcate poorly in cells containing a 
wild-type p53. As can be seen in virus yields in Table 2, this 
effect was not observed. 

The ElB 55-kDa mutant virus replicated to the highest titer 
in H460 and A549 cells expressing the wild -type p53 protein. In 
addition, both the greatest (18-fold) and least (1.9-fold) differ- 
ence between replication of the wild-type and ElB mutant 
virus was observed in the cell lines reported to coniciin a wild- 
type p53 gene. Finally, to within 1 log unit, the wild-type virus 
replicated to the same extent in all cell lines. These results 
suggest that although replication of the ElB 55-kDa mutant 
virus is dependent on the cell type, these differences may not 
be mediated by p53. Taken with the previous results, these 
findings suggested that the ElB 55-kDa protein relieves growth 
restrictions by a p53-independent mechanism, perhaps by in- 
teracting with other unidentified cellular growth regulatory 
proteins. 

DISCUSSION 

The Ad ElB 55-kDa tumor antigen relieves restrictions im- 
posed on viral growth by the cell cycle. Mutant viruses (fi?/338 
and J/1520) that failed to express the ElB 55-kDa protein 
produced progeny virions in only 20% of the infected cells as 
determined by electron microscopy (Fig. 1 and 2 and data not 
shown). Similarly, assays for infectious centers showed that 
only 20 to 25% of the cells infected with the ElB 55-kDa 
mutant virus allowed replication of the mutant virus compared 
to 100% of the cells infected with the wild-type virus (Fig. 4 
and Table 1). The fraction of cells that support growth of the 
ElB mutant virus is the same as the fraction of cells in S phase 
in an asynchronously growing culture of HeLa cells (Fig. 5C). 
The contribution of the cell cycle to growth of the ElB mutant 
virus was determined by infecting HeLa cells synchronized to S 
phase or G^. Compared to cells infected in G^, cells infected in 
S phase with the ElB mutant virus had a greater number of 
infectious centers (Fig. 7 and Table 1), produced higher levels 
of virus progeny (Fig. 8), and demonstrated a near wild-type 
cytopathic effect (Fig. 9). These data demonstrate that Ad 
mutants that fail to express the ElB 55-kDa protein have 
acquired a dependence on the cell cycle for virus production. 

When infected during S phase, HeLa cells support efficient 
replication of Ads that fail to express the ElB 55-kDa protein. 
It is not known whether the environment that complements the 
defect in virus production exists at the time of infection or 
develops during the course of the infection. Because cells in- 
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FIG 9 HeLa cells infected with the ElB 55-kDa mutant virus during S phase exhibit a more severe virus-induced cytopathic effect than asynchronous cells or cells 
infected during G,. Asynchronously growing HeLa cells (A to C). HeLa cells in S phase (D and E). or HeLa cells in phase (F and G) were either mock mfected 
Aror inS with the wUd-type viSs (B. D. and F) or the ElB SS-kDa mutant virus (Q B, and G) at 10 PFU per cell At 48 h posUnfection, ceDs were analyzed 
by phase-contrast microscopy. The Ad-induced q^pathic effect is diaracterized by cell rounding, as evidenced by the l;ght-refractive bodies. 



fected with either wild-type or ElB mutant virus fail to enter 
mitosis (data not shown), we favor the hypothesis that Ad 
infection halts normal progression of the cell cycle. Clearly the 
very definition of the cell cycle following infection remains 
uncertain. Although cells infected in S phase with the ElB 
mutant virus produced more virus than asynchronous or 
cells, they produced ninefold less virus than S phase cells 
infected with the wild-type virus (Fig. 8). Furthermore, by 
electron microscopy it appeared that each ElB 55-kDa mutant 
virus-infected cell containing viral particles produced fewer 
particles than any cell infected with the wild-^pe virus (com- 
pare Fig. 7A or B to C). Moreover, when applied to synchro- 
nized HeLa cells infected in S phase, both the TCID50 assay for 
infectious centers (Table 1) and the plaque assay for infectious 
centers (data not shown) determined that between 24 to 37% 
of the S phase cells produced infectious ElB mutant virus; this 
range of values is significantly less than the 75% estimated by 
electron microscopy. Perhaps some of the productive cells 
identified by morphological means contain noninfectious par- 
ticles. If so, it seems likely that the ratio of particles to PFU for 
virus obtained from synchronized cells infected in S phase is 
higher than that for virus obtained from cells infected at other 
stages of the cell cycle. Nonetheless, a property of S phase 
enables production of the ElB mutant virus although it cannot 
fully restore viral replication to wild-type levels. 

Other viruses such as the parvoviruses, depend on S phase 
and the normal progression of the cell cycle for their replica- 
tion. Replication of the bovine gammaherpesvirus 4 (BHV-4) 
DNA was shown to depend on transition through S phase. In 
this study, the number of cells expressing late proteins and 
synthesizing viral DNA among BHV-4-infected cells was in- 
versely correlated with cell density (65). We identified only one 
other report of a mutant virus that acquired a dependence on 
the cell cycle for replication. The herpes simplex virus type 1 
Vmw65 (VP16) insertion mutant was shown to depend on cells 



DNA (^g) 

4.0 1.0 0.26 0.06 



infected during S phase for early protein synthesis and repli- 
cation (14). However, any relationship between the Vmw65 
mutant herpesvirus and the ElB 55-kDa mutant Ad is unclear. 

By contrast to synchronized cells infected with the ElB 55- 
kDa mutant virus, cells infected with the wild-type virus during 
appear slightly better suited for replication of the wild-type 
virus than cells infected during S phase. G^-infected cells pro- 
duced threefold more wild-type virus than S phase-infected 
cells. Similarly, the results in Table 1 indicate that more cells 
infected in produced wild-type virus than cells infected 
during S phase. Similar results were obtained with a plaque 
assay for infectious centers (data not shown). These observa- 
tions suggest that infection of cells in Gi permits the wild-type 
virus to more effectively establish a program of virus replica- 
tion. During an Ad infection, the ElA gene products relieve 
growth suppression and elicit unscheduled cellular DNA syn- 
thesis by inactivating growth suppressors associated with G^ (5, 
33, 41). Therefore, it may be suggested that the El region of 
Ad is poised to promote progression from G^ into S. When 
cells are infected during S phase, a cellular program of DNA 
synthesis has already been estabUshed, and the virus may be 
forced to compete with the cell for limiting factors, such as free 
nucleotides, that are essential for DNA and RNA synthesis. 
Support for this possibility can be derived from the findings of 
Hodge and Scharff (24) who showed that when Ad DNA syn- 
thesis began prior to initiation of cellular DNA synthesis (S 
phase), the subsequent initiation at the next S phase was pre- 
vented. However, when viral DNA synthesis began after the 
onset of cellular DNA synthesis, cellular DNA synthesis was 
not completely inhibited (24). Together, these findings offer an 
hypothesis as to why phase cells better replicate the wild- 
type virus than S phase cells. 

In contrast to the well-established role played by the ElA 
proteins in deregulating the cell cycle during lytic growth, (re- 
viewed in references 17 and 67), the ElB 55-kDa protein has 
not been shown to function directly in deregulating the cell 
cycle during virus replication. It has, however, been hypothe- 
sized that the ElB 55-kDa protein permits ElA-induced DNA 
synthesis by preventing p53-mediated growth arrest or ap- 
optosis (50, 59). Such a response by p53 to viral challenge 
would severely hinder if not shut down the ability of the virus 
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FIG. 10. ElB 55-kDa mutant virus-infected cells synthesize viral DNA al the 
same level as wild-type virus infection. HeLa cells were infected with either the 
wild-type virus, dl309, or the ElB 55-kDa mutant virus, rfi338, at a multiplicity of 
10 PFU per cell. Total cellular DNA was isolated from equal numbers of Ad- 
infected HeLa cells 20 h postinfection. Total DNA in the amount indicated 
above each lane was transferred to a nylon membrane, denatured, and hybridized 
with radioactive Ad-specific DNA probes generated by random-primed synthe- 
sis. Hybridized probe was quantified by densitometry, and mock-infected back- 
ground was subtracted. Identical amounts of viral DNA were measured in ElB 
55-kDa mutant virus-infected cells and wild-type virus-infected cells. 



TABLE 2. Virus yield following infection of wild-type 
p53 and p53-nun cell lines'* 



Cell line 



p53 
status 



Virus yield (10^ PFU per ml)'' 



ElB mutant 



Wild type Fold difference^ 



H460 


Wild type 


6.6 (4.5, 10) 


120 (40, 230) 


18 


A549 


44 (33, 58) 


84 (46, 99) 


1.9 


H358 


Null 


2.9(1.3, 4.7) 


19 (7, 41) 


6.4 


Saos-2 




1.1(0.5, 2.2) 


14 (7, 24) 


13 



" A total of 8 X 10^ of the indicated cells in 4 ml were infected with 5 PFU per 
cell of either the wild-type virus, dl309, or the ElB mutant virus, dl33S. The cells 
were lysed in a volume of 4 ml 2 days postinfection, and the titer of the progeny 
virus was determined by plaque assay with 293 cells. 

* The virus yield was obtained by averaging the results of 6 to 10 independent 
measurements. The results are presented as the average (minimum/maximum). 

The fold difference is the ratio of wild-type virus yield to ElB mutant virus 
yield in the indicated cell line. 
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to transform cells or synthesize viral DNA and establish a lytic 
infection (16, 37, 69). However, replication of the ElB 55-kDa 
mutant virus was not related to the status of p53 in the five cell 
lines examined in this study (Fig. 8 and Table 2). Thus, these 
data suggest that the ElB 55-kDa protein relieves growth con- 
straints of the cell cycle by mechanisms independent of p53. 
Other interactions between the ElB 55-kDa protein and cel- 
lular regulatory factors may exist to permit virus production in 
the wild-type Ad infection. Such positively acting regulatory 
factors may be made available or negatively acting factors may 
be absent when cells are infected during the S phase of the cell 
cycle . 

Based on the known functions of the ElB 55-kDa protein in 
lytic infection, the inabiUty of the ElB mutant virus to produce 
progeny virions in all infected cells may be Unked to the defect 
in viral mRNA transport. The ElB 55-kDa mutant virus ap- 
pears able to enter the late phase of viral replication. However, 
although late genes are transcribed, the transcripts never reach 
the cytoplasm (45). S phase cells may provide a property or 
factor that partially compensates for the ElB 55-kDa protein 
in promoting transport of viral mRNA. Work is in progress to 
determine if a correlation exists between the cell cycle-depen- 
dent replication and the mRNA transport defect of the ElB 
55-kDa mutant virus. For example, if cell cycle-dependent viral 
replication and the mRNA transport defect are linked, the E4 
34-kDa mutant virus may also depend on the cell cycle for virus 
production. As previously suggested, the ElB 55-kDa-E4 34- 
kDa protein complex may interact with and recruit a limiting 
cellular factor to the sites of viral RNA processing to aid in the 
transport of viral mRNA (43). Perhaps this factor is abundant 
in cells infected in S phase and can promote the transport of 
viral RNA in the absence of the ElB 55-kDa-E4 34-kDa com- 
plex. If such a factor exists, our previous work suggests that the 
cellular factor may be unique to primate cells (19). Several 
cellular proteins have been shown to function in cell cycle 
regulation and mRNA transport such that these two regulatory 
processes may be linked to some extent. For example, Ran/ 
TC4 (31, 52, 53, 57) and the regulator of chromatin conden- 
sation-!, RCCl (1, 12, 27, 28, 42), are cellular proteins involved 
in mediating both RNA transport and cell cycle progression. 
These or similar proteins would be potential targets of the ElB 
55-kDa protein. 
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ADDENDUM IN PROOF 

After this article was accepted, Bischoff et al. (J. R. Bischoff, 
D. H. Kirn, A. Williams, C. Heise, S. Horn, M. Muna, L. Ng, 
J. A Nye, A. Sampson-Johannes, A. Fattaey, and F. McCor- 
mick, Science 274:373-376, 1996) reported that the ElB mu- 
tant virus (i/1520 selectively replicates in and kills p53-deficient 



human tumor cells. These authors also reported that dllSlO 
fails to replicate in and kill human tumor cells expressing 
wild-type p53. In contrast to the findings of these investigators, 
we found that replication of the ElB mutant virus dB3S was 
not necessarily blocked by the presence of wild-type p53. Our 
findings, which include an analysis of the replication of dll520 
in HeLa cells, suggest that the fraction of cells in S phase at the 
time of viral challenge, rather than the status of p53, is prog- 
nostic for a productive infection by an ElB mutant virus. This 
hypothesis, if substantiated, would suggest that the range of 
human tumor cells that can be killed by the ElB mutant virus 
extends beyond p53-deficient cells. 
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The Adenovirus Death Protein (E3-11,6K) Is Required at Very Late 
Stages of Infection for Efficient Cell Lysis and Release 
of Adenovirus from Infected Cells 
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Adenovirus (Ad) infection is concluded by assembly of virions in the cell nucleus followed by lysis of cells by 
an unknown mechanism. We have described an Ad nuclear membrane glycoprotein of 11,600 kDa (E3-11.6K) 
which is encoded by the E3 transcription unit and which is synthesized in small amounts from the E3 promoter 
at early stages of infection but in large amounts from the major late promoter at very late stages of infection. 
We now report that E3-11.6K is required for the efficient lysis (death) of Ad-infected cells, and we propose that 
the function of E3-11.6K Is to mediate the release of Ad progeny from infected cells. We have renamed E3-11.6K 
the Ad death protein (ADP). Virus mutants that lack ADP replicated as well as <idp'*' Ad, but the cells lysed 
more slowly, virus release from the cell was retarded, and tlie plaques were small and developed slowly. Cells 
Infected with adp^ viruses began to lyse at 2 or 3 days postinfection (p.i.) and were completely lysed by 5 or 6 
days p.i. In contrast, cells infected with adp mutants did not begin significant lysis until 5 or 6 days p.i. Cell 
lysis and viability were determined by plaque size, extracellular vims, cell morphology, release of lactate 
dehydrogenase, trypan blue exclusion, the 3-(4,5-dimcthylthiazol-2-yl)-2,5-diphenyl-2H-tetrazoliuni bromide 
(MTT) assay for mitochondrial activity, RNA degradation, and DNA degradation as determined by agarose gel 
electroplioresis and the terminal deoxynucleotidyltransfcrase end labeling assay. Protein synthesis was almost 
nonexistent at 3 days p.i. in cells infected with adp^ Ads, but it was still increasing in cells infected with adp 
mutants. Host cell protein synthesis was undetectable at 1 day p.i. in cells infected with adp^ Ads or adp 
mutants. Cells infected with adp mutants showed Ad cytopathic effect at 1 or 2 days p.i. in that they rounded 
up and detached, but the cells remained metabolically active and intact tor >5 days p.i. Wlien examined by 
electron microscopy, the nuclei were extremely swollen and full of virus, and the nuclear membrane appeared 
to be intact ADP is unrelated in sequence to other known cell death-promoting proteins. 



Human adenoviruses (Ads) consist of a nonenveloped ico- 
sahedral capsid (reviewed in reference 45). Tlie linear duplex 
DNA genome within the capsid is tightly associated with Ad- 
encoded core proteins. Infection of cultured cells is initiated 
via binding of the Ad fiber capsid protein to an unknown 
cellular receptor. This is followed by endosorae-mediated in- 
ternalization of the virion via interaction between the penton 
capsid protein and a^pj and a^^^ integrins (63). Tlie virion is 
sequentially disassembled and extruded from the acidified en- 
dosome (20), and then the DNA-protein core enters the nu- 
cleus. 

In the nucleus, the immediate-early ElA proteins are ex- 
pressed initially, and then they induce transcription of the 
delayed-early genes in the ElB, E2, E3, B4, and LI (early) 
transcription units (reviewed in references 2 and 34). About 25 
early proteins function to usurp the cell, convert it into an 
efficient factory for virus replication, carry out viral DNA rep- 
lication, and counteract host antiviral defenses (reviewed in 
reference 27). Viral DNA replication begins at about 7 h 
postinfection (p.i.)) and then the infection moves into the late 
phase. Late proteins are primarily virion proteins and proteins 
required for assembly of infectious virions. Synthesis of cellular 
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DNA, mRNA, and proteins is inhibited at late stages. Virions 
begin to assemble in the cell nucleus at about 1 day p.i. (re- 
viewed in reference 12) and continue to increase in abundance 
until 2 or 3 days p.i. 

The fate of Ad virions at the termination of productive 
infection is unclear and has not been investigated in detail. 
Most Ad researchers prepare Ad stocks by extracting virions 
from infected cells at 2 or 3 days p.i., a time when there is much 
less virus in the culture supernatant than within the cells. It is 
not known whether cells eventually lyse and release free infec- 
tious virions or whether Ad remains associated with cells or 
cellular remnants. If the cells do lyse, is it a nonspecific process, 
or is there a specific mechanism? 

An 11,600-kDa protein (E3-11.6K) that is encoded by the E3 
transcription unit has been described previously (64). E3-11.6K 
is an integral membrane glycoprotein that contains 0-1 inked 
and complex N-linked oligosaccharides (41). E3-11.6K initially 
localizes to the endoplasmic reticulum and Golgi apparatus 
and then ultimately to the Golgi apparatus and nuclear mem- 
brane (41). Interestingly, although E3-1L6K is encoded within 
the early E3 transcription unit, it is synthesized in only very 
small amounts from the E3 promoter at early stages of infec- 
tion (52). Rather, E3-11.6K is synthesized veiy abundantly 
from the Ad major late promoter beginning at about 20 to 25 
h p.i. (52). In fact, E3-11.6K primarily is a late protein, and it 
represents the sixth family of major late proteins (52). 

In this communication, we report that E3-11.6K is required 
for the efficient lysis of Ad-infected cells beginning at 2 or 3 
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FIG. 1. Amino acid sequence ofADP from Ad2 (64). The <jrf^ gene is located 
at nucleotides 29468 to 29771 in the Ad2 genome. Shown are the single Asn- 
linked gfycosylation site, the predicted signal-anchor transmembrane domain, 
and the predicted Njumen-Cexo orientation in the membrane (41). AD? localizes 
primarily to the nuclear membrane at >30 h p.i., but it is not known whether 
localization is to the inner or outer nuclear membrane (41). 



days p.i. We propose that the function of E3-11.6K is to me- 
diate the release of virus from the infected cell. Considering 
that E3-11.6K is required for efficient cell lysis (death), we have 
renamed it the Ad death protein (ADP). 

MATERIALS AND METHODS 

Cells and viruses. Human A549 cells were grown in Dulbecco's modified 
Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS). Virus 
stocks were prepared in suspension cultures of human KB cells and banded in 
CsCl, and the titers of virus were determined using A549 cells as described 
previous^ (21). Plaques were counted at 2- or 3-d^ intervals until ca. 4 weeks 
p.i. 

The viruses used in this study are Ad type 5 (Ad5) (wild type), Ad2 (wild type), 
and rec700 (wild type). rec700 is an Ad5-Ad2-Ad5 recombinant consisting of the 
Ad5 £a>RI A (map positions 0 to 76), Ad2 EcoKl D (map positions 76 to 83), 
and Ad5 EcoRl B (map positions 83 to 100) fragments (65). rec700 is the 
parental virus for dn\2 (11), which lacks the entire adp gene, and for pmlZA.X 
(with ADP residues 1 to 48 deleted [A1-48J), which has Met-1 and Met-41 in 
ADP mutated to Ser so that the lOl-residue ADP (Fig. 1) initiates at Met-49. 
Construction of ^m734.1 will be described elsewhere. /?m 734.1 does not express 
ADP sequences that are detectable by immunoprecipitation (53). H5rf/309 (28), 
which has the genes for the B3 10.4K, 14,5K, and 14.7K proteins deleted (3), 
expresses ADP (53). H5rf/327, which is isogenic with H5J/324 (50), has all B3 
genes except the gene for the 12.5K protein deleted. H2^/801 (5) has all B3 genes 
except those for the 12.5K and 14.7K proteins deleted (24, 57). 

Virus growth curves. For assay of virus growth, A549 cells (2.9 X 10** cells per 
60-mm-diameter dish) were infected at 20 PFU per cell in 2 ml of serum-free 
DMEM. At the end of 1.5 h, the medium was removed and the cells were washed 
with DMEM (10% FBS), then 5 ml of DMEM (2% FBS) was added, and the 
cells were incubated at 37°C. At the times indicated in the figures, the superna- 
tant was removed and centrifuged to collect cells; the cells were returned to the 
dish in 2 ml of DMBM (2% FBS). Monolayers were freeze-thawed three times 
in the dishes and then collected. Supernatant and monolayer samples were 
assayed by plaque assay to determine the virus titer, 

LDH release assay. A549 cells (1.5 X 10*^ per 60-mm-diameter dish) were 
infected at 20 PFU per cell. At 6 h p.i., the cells were tiypsinized and 1.0 X 10^ 
cells (100-10,1 aliquots) were plated per well in 96-w6ll plates in 8% FBS-DMEM. 
Twenty-microliter samples were removed at the times indicated in the figures 
and assayed for lactate dehydrogenase (LDH) release with the Cytotox 96 assay 
(Promega Biotec Corp., Madison, Wis.). Samples were assayed in triphcate, and 
results were read on a EL340 Microplate reader (BioTec Instruments, Inc.) at 
490 nm. 

MTT assay. A549 cells were infected at 20 PFU per cell, and 2.3 X 10* cells 
were plated per well in 96-welI plates at 6 h p.i. At times p.i., 20 \i\ of 3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) (Sigma 
Chemical Co., St. Lbuis, Mo.) in phosphate-buffered saline (PBS) (5 mg/ml) was 
added to each well. After 2 h, lysis buffer (20% sodium dodecyl sulfate [SDS] in 
50:50 dimethyl formamide-double'distilled water, pH 4.7) was added to each 
well, and the plates were incubated overnight at 37'*C Results were read on a 
microplate reader at 570 nm; samples were processed in triplicate. 

Trypan blue exclusion assay, A549 cells were infected at 100 PFU per cell 
(1.3 X 10* cells per 60-mm-diameter dish) in 1 ml of serum-free DMBM; at 1 h 
p.i., 4 ml of DMEM (10% FBS) was added to each dish. At the times indicated 
in the figures, the supernatant was removed and cells were trypsinized. The 
supernatants and cells were combined, and trypan blue (GibcoBRL, Gaithers- 



burg, Md.) was added to a final concentration of 0,02%. Cells were counted with 
a hemacytometer (a total of 600 to 1,000 cells were counted per time point). 
Similar results were obtained when cells were infected with 20 PFU of virus per 
cell. 

Protein synthesis. A549 cells were mock infected or infected with 20 PFU of 
rcc700 or <i/712 per cell, metabolically labeled for 2 h with 25 ^xCi of Bxpre^^S^^S 
(NEN Duponl Research Products, Boston, Mass.) at different periods p.i., and 
then proteins were analyzed by SDS-polyaciylamide gel electrophoresis (SDS- 
PAGE) (52). All gels were 15% polyacrylamide. Some samples were treated with 
20 M,g of 1-p-D-arabinofuranosylcytosine (araC) per ml; araC inhibits viral DNA 
replication and prevents the transition from early to late stages of infection. 

DNA and RNA degradation assay by agarose gel electrophoresis. A549 cells 
(1.8 X 10^ cells per 60-mm-diameter dish) were infected at 25 PFU per cell. The 
cells were tiypsinized at 4 h p.i. and then replated at 3.6 X lO' cells per 35-mm- 
diameter dish. On subsequent days, Hirt supernatants were prepared (65), 
treated with RNase, electrophoresed on a 1.5% agarose gel, stained with 
ethidium bromide, and visualized under UV light RNA was analyzed in the 
same manner but without treatment with RNase. 

DNA degradation assay by the terminal d coxyn u cleotidyltra lis fe rase end la- 
beling (TUNEL) method. A549 cells were plated on no. 1 coverslips 1 day prior 
to infection. The cells were infected at SO PFU per cell in 1 ml of sei imi-free 
DMEM; at 1 h p.i., 1 ml of DMBM (10% FBS) was added and ihc cells were 
incubated at 37°C, At 58 h p.i., the cells were rinsed with PBS, then fixed with 
paraformaldehyde (3.7% in PBS) for 10 min at room temperature, and treated 
with methanol for 6 min at -20''C. DNA was stained with 4',6-diamidino-2- 
phenylindole (DAPI) (2 M-g/ml) in methanol at room temperature for 2 min and 
then rinsed with methanol and then with 70% ethanol. Cells on coverslips were 
processed to detect DNA fragmentation by the addition of dUTP-digoxigenin by 
terminal deoxynucleotidyltransferase and detection of digoxigenin by fluorescein 
isothioc^anate-conjugated antibody (ApopTag in situ apoptosis detection kit; 
Oncor, Inc., Gaithersburg, Md.). 

Light microscope (ytology. A549 cells were infected at 20 PFU per cell. At 
daily intervals, the cells were gently trypsinized and pelleted for 1 min at 5,000 
rpm in a microcentrifuge. After the supernatant was discarded, the cell pellets 
were fixed overnight at 4''C in 2.5% glutaraldehyde in 0.1 M sodium cacodylate 
buffer (pH 7.3) containing 2% sucrose and 1 mM calcium chloride. The tissue 
was washed several times in cold cacodylate buffer containing 5% sucrose and 
postfixed for 3 h at 4°C with 1% osmium tetroxide in cacodylate buffer containing 
2% sucrose. The tissue was washed twice at room temperature with distilled 
water, stained en bloc for 1 h with 2.5% aqueous uranyl acetate, dehydrated 
through graded ethanols and propylene oxide, and infiltrated overiiighl wiih n 1:1 
mixture of propylene oxide and Polybed resin (Polysciences, Inc., Warrington, 
Pa,). The tissue was then infiltrated for 6 h with 100% Polybed resin and 
embedded in fresh resin in BEBM capsules and polymerized overnight at 70°C. 
Sections (0.5 M'HI thick) wer^ cut from the trimmed tissue blocks with a Reichert 
Ultracut B ultramicrotome and glass knives, dried onto glass microscope slides, 
stained with toluidine blue, and photographed on a Zeiss research light micro- 
scope with Kodak T-max 100 film. The film was developed with Kodak HCllO 
developer, dilution B, and printed on Kodak paper. 

Electron niicrosoopy. Cells at 4 days p.i. were prepared as desra-ibed above. 
Silver-gray thin sections were cut from the trimmed tissue blocks with a Reichert 
Ultracut E ultramicrotome by using a diamond knife and were collected on 
200-mesh copper grids. The sections were stained with uranyl acetate and lead 
citrate and viewed and photographed with a JEOL 100 CX electron microscope 
at60kV. 



RESULTS 

Cells infected with at//? mutants have small plaques (Inil m c 
slow to develop. The first clue to the function of ADF as a cell 
death-promoting agent came from studies of the plaque mor- 
phology of vu'us mutants that lacic the adp gene. Ad5, H5i/309, 
Ad2, and reclOO form large, distinct plaques (Fig. 2). Tliese 
viruses all express ADP. In contrast, HSdmi, mdm\, and 
dllVl have much smaller plaques (Fig. 2). Tliese Viruses all lack 
the adp gene, and dllVl lacks only the adp gene. 

The difference in plaque sizes among adp mutants can be 
quantitated by observing the rate at which the plaques develop. 
Figure 3 illustrates the rate of plaque development for the 
experiment whose results are shown in Fig. 2. The data are 
presented as the number of plaques observed on any given day 
of the plaque assay as a percentage of the final number of 
plaques that were observed at the end of the plaque assay (on 
they axis) versus the number of days of the plaque assay (on 
thex axis). At 10 days p.i., 10% of the final number of plaques 
were observed with H5i//327, which lacks ADP, versus 90 to 
95% of the final plaques with Ad5 and H5ii/309, which express 
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FIG. 2. Plaque morpholo©r of wild-type Ads and Ads that have deletions in 
the B3 transcription unit. The plaques are on human A549 cells at 14 days p.i. 
rec700 is an Ad5-Ad2-Ad5 recombinant that, in common with Ad5 and Ad2, has 
a wild-type phenotype with respect to the properties of ADP. rec700 has the Ad2 
version of ADP. The genes deleted in the mutants U5dB09, H5i/327, H2dm\, 
and J/712 are indicated in the schematic. All mutants that lack the adp gene have 
much smaller plaques than do the Ads that retain the adp gene, as shown below 
the diagram. 



ADP (Fig. 3A). With H2J/801, which lacks ADP, 25% of the 
final plaques were observed at 10 days versus 90% for Ad2 
(Fig. 3B). With J/712, in which the ADP gene is the only E3 
gene deleted, 8% of the final plaques were observed at 10 days 
compared with 75% with reclOO (Fig. 3C). The deletion in 
dl712 changes the splicing of the E3 mRNAs at early stages of 
infection, and therefore the relative abundance of the E3 pro- 
teins at early stages is affected (11). The dllM deletion does 
not have a marked effect on the E3 mRNAs at late stages of 
infection (data not shown), the period when ADP is synthe- 
sized abundantly. Nevertheless, we constructed pmlMA (Al- 
48), a double missense mutant which does not express detect- 
able ADP (53), With pmlM.l and J/712, 10% of the final 
plaques were observed at 10 days p.i. versus 85% with rec700 
(Fig. 3D). Thus,/?m734.1 is as defective as cfZ712 in promoting 
cell death, not only in the plaque development assay (Fig. 3D) 
but also in all other assays of cell viability (e.g., see Fig, 5). 

We conclude that mutants that do not express functional 
ADP have small plaques that are slow to develop. (We note 
that in order to obtain an accurate titer for adp mutants, it is 
necessary to keep the A549 cell monolayer alive for 20 to 30 
days.) The small-plaque phenotype is specific to the adp gene, 
as indicated by plaque morphology and development studies of 
virus mutants with individual deletions of the E3 genes (data 
not shown). 

Mutants with alterations in the adp gene could have small 
plaques because they do not grow as well as wild-type Ad or 



because progeny virions are released more slowly from cells 
than wild-type virions. If the virions are released more slowly, 
then it will take longer for the virus to spread from cell to cell 
and form a plaque. To address these two possibilities, mono- 
layers of A549 cells were infected with reclOO (wild type) or 
rf/712 (ADP negative [ADP~]); then the virions present in the 
cells and released into the culture supernatant were quanti- 
tated by plaque assay. The amounts of virus within cells in- 
creased rapidly until about 2 days p.i. with both recliJO and 
J/712 and then declined slightly for rec700 but remiiinetl stJible 
for J/712 (Fig. 4). It is clear that J/712 grows as well as reclOO. 
This is consistent with many experiments in which CsCl- 
banded virus stocks of wild-type Ad and adp mutants had 
similar titers (e.g., Fig. 3). When the culture supernatant was 
examined, a dramatic difference was seen between reclOO and 
J/712: from 2 to 4 days p.i., there were 10^° to 10^^ reclOO 
infectious particles but only 10^ to 10^ J/712 infectious particles 
per ml (Fig. 4). Thus, adp mutant virions are released more 
slowly from cells than are wild-type virions. (It is unclear why 
10^ to 10^ infectious virions were found in the culture super- 
natants at 12 to 30 h p.L, prior to progeny virus assembly [12 h] 
or cell lysis [30 h; see below], but this was a reproducible 
observation. Possibly, these are virions that remained adsorbed 
to cells during the infection and subsequent washings before 
addition of media. Also, 6 X 10^ PFU of virus was added io 
each dish; if 1 to 3% of cells undergo spontaneous lysis in Hie 
period immediately following infection and these cells release 
virus, this could account for the background levels of virus 
observed in the experiment.) 

Cells infected with adp mutants stay alive much longer than 
cells infected with adp'*^ Ad. The data in Fig. 2 to 4 raise the 
possibility that cells infected with reclOO (wild type) are lysed 
more rapidly than are cells infected with J/712 (ADP~), so 
several cell viability assays were employed. With rec700, A549 
cell lysis assayed by the release of LDH began at 2 days p.i. and 
increased until 7 days p.i. (Fig. 5A). In marked contrast, with 
two adp mutants, J/712 and /?m734.1 (Al-48), the cells did not 
release LDH until 6 days p.i. 

Trypan blue exclusion was also used to assay cell viability. 
With reclOO, 60% of A549 cells were dead by 3 days p.i. and 
90% were dead by 5 days p.i. (Fig. 5B). With ^m734.1 (Al- 18) 
and J/7001 (which lacks all E3 genes, including adp), 90% of 
cells were alive at 5 days and cell death began only at 6 days p.i. 
The />m734.1-infected cells died with the same kinetics as cells 
infected with J/7001, indicating that none of the E3 genes 
except adp pi ays a major role in promoting cell death. 

The MTT assay was carried out to monitor the mitochon- 
drial activity in infected cells. Cells infected with rec 700 and 
J/712 were similar until 2 days p.i., but then cells infected with 
reclOO began to lose mitochondrial activity, and all cells were 
dead by 5 days (Fig. 5C). Cells infected with J/712 retained 
90% of mitochondrial activity at 5 days p.i. Human A549 cells 
were used in the experiment whose results are shown in Fig. 
5C; similar results were obtained with monolayers of human 
KB cells and A431 cells (data not shown). 

These results indicate that cells infected with adp nuitants 
remain viable much longer than cells infected with wild-type 
Ad. 

As another indicator of cell viability, we examined protein 
synthesis. Cells were labeled with [^^S]Met-Cys for 2 h at dif- 
ferent periods p.i., and then proteins were resolved by SDS- 
PAGE. With reclOO, Ad late protein synthesis was readily 
apparent at 25 and 29 h p.i. (Fig, 6A; compare the protein 
bands in lanes d and e with those of mock-infected cells [lane 
a] and mock- and Ad-infected cells treated with araC [lanes b 
and c]). Protein synthesis began to decline at 45 h p.i. (Fig. 6A, 



Vol. 70, 1996 



ADENOVIRUS DEATH PROTEIN (E3-n.6K) 2299 




C. D. 




Days Postinfection Days Postinfection 

FIG. 3. Plaque development assay for mutants with alterations in ADP. Panels A to C are from the eaqperiment whose results are shown in Fig, 2; panel D is from 
a separate experiment. They axis shows the number of plaques observed on any given day of the plaque assay (thejc axis), as a percentage of the number o(" plaques 
observed on the final day (day 32 or 30, as indicated) of the plaque assay. Each panel shows the final titer of the CsCl-banded virus stock that was assayed. A549 cells 
were used. The plaques of mutants that lack ADP (<//327, dl8Q\, dn\% and pmlZA.X) developed much more slowly than adp^ viruses, but the final titers obuiined for 
all virus stocks were similar. 



lane f) and was barely detectable at 71 h p.i. (lane h). In 
marked contrast, with i/712, the rate of protein synthesis was 
still increasing at 71 h p.i. (Fig. 6A, lanes j to n). In a separate 
experiment, protein synthesis was examined up to 6 days p.i., 



and this was correlated with cell viability as determined by 
trypan blue exclusion. Tlie gel was overexposed in order to 
detect protein synthesis at very late times. With rec700, Ad late 
proteins were synthesized actively at 2 days p.i., a time when 




FIG . 4. Assay for the accumulation of rcc700 (wild- type [ WT]) and dllX 2 virions inside cells and in the extracellular medium. Monolayers of A549 cells were infected, 
and tiie vims present within the cells (left panel) and in the culture supernatant (right panel) was quantitated by plaque assay. The data show that thcradp mutant grows 
as well as the wfld-type virus within tiie cells but that the mutant virions are released mudi more slowly from the infected cells than are wild-type virions. 
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FIG. 5. Cell viability assays for A549 cells infected with reclOO (wild type 
[ WT]) or mutants that lack a functional adp gene, lacks the entire adp gene, 
pmlMA (Al-48) synthesizes only residues 49 to 101 of ADP, and dPOOl lack all 
the genes in the transcription unit. (A) Cells were infected and cell lysis was 
measured by release of LDH into the culture medium. Cells infected with recJOO 
died (i.e., released LDH) much more rapidly than did cells infected with the two 
adp mutants. (B) Cells were infected, and the percentage of viable cells was 
determined on the basis of exclusion of tiypan blue from the cells. Cells infected 
with f«c700 died much more rapidly than did cells infected with dPOOl or 
pmJ34A. (C) Cells were infected and cell viability was assayed (MTT assay) on 
the basis of mitochondrial activity within the cells. Cells infected with dPll 
remained metabolically active much longer than cells infected with rec700. 



66% of the cells were viable (Fig. 6B, lane c). Protein synthesis 
declined dramatically at 3 days and was undetectable at 5 days, 
when 48 and 16%, respectively, of the cells were viable (Fig. 
6B, lanes d to f). With pml34A (Al-48), the rate of protein 
synthesis increased until 3 days, declined slightly at 4 days, and 
declined dramatically at 5 days p.i. (Fig. 6B, lanes j to m). On 
days 2 to 5, from 95 to 84% of the cells were viable. Thus, 
active protein synthesis continued for at least 2 days longer in 
cells infected with the two adp mutants than in those infected 
with wild-type Ad. 

With pm734A (Fig. 6B, lane m) and J/712 (data not shown), 
it is interesting that protein synthesis had nearly ceased even 
though most of the cells were still viable (i.e., still intact, as 
indicated by trypan blue exclusion). Tins was also the case for 
reclOO (Fig. 6 A, lanes f to h). 

Another noteworthy result is that reclOO and the two adp 
mutants were equally effective in suppressing the synthesis of 
host cell proteins (Fig. 6). Thus, the prolonged synthesis of Ad 
proteins in cells infected with adp mutants is not due to the 
inability of the mutants to block host protein synthesis (e.g., it 
is unlikely that the host cell synthesizes antiapoptosis proteins 
in adp mutant-infected cells and not in wild-type-infected 
cells). 

As still another indication of cell viability, cellular RNA and 
DNA were examined. When total cellular RNA was analyzed 
by agarose gel electrophoresis, the RNA was degraded by 3 
days p.i. with reclOO^ but it was intact at 5 or 6 days p.i. in cells 
infected with dllll (Fig. 7). The DNA from cells infected with 
rec700 or dllll was intact at 2 days p.i., but at 3 to 5 days p.i. 
the DNA from mc700 was much more degraded than the DNA 
from dni2 (Fig. 8). A DNA ladder characteristic of apoptosis 
was not observed, even though DNA from cells undergoing 
apoptosis (dying thymocytes) yielded such a ladder on a com- 
parable gel (data not shown). The TUNEL assay was also used 
to monitor DNA integrity. This assay uses a fluorescein iso- 
thiocyanate-coupled monoclonal antibody to digoxigenin to 
detect digoxigenin-labeled nicked DNA in fixed cells. With 
mock-infected cells, two nuclei contained nicked DNA (Fig. 9; 
compare the fields in which the DNA was stained with DAPI 
with the fields stained with the ApopTag kit). With reclOO, 
most of the nuclei had nicked DNA, whereas with r//712 vir- 
tually none of them did (Fig. 9). Thus, DNA is degraded much 
sooner in cells infected with reclOO than in those infected with 

dim. 

When cells were examined by microscopy at 4 days p.i., the 
majority of /T?c700-infected cells were lysed, whereas nearly all 
/?m734.1 (Al-48)-infected cells were intact (Fig. 10). The nuclei 
in the /?m734.1 -infected cells were extremely swollen, occupy- 
ing nearly the entire cell; this is shown clearly in the electron 
micrograph in Fig. 11 A Tlie nucleus was full of virus; in fact, 
a crystal array of virus is apparent. The nuclear membrane 
appeared to be intact. Figure IIB shows ar^c700-infected cell; 
the cell is totally lysed. Note that the cell does not have fea- 
tures typical of apoptosis, i.e., condensed chromatin, cell 
shrinkage, membrane blebbing, and membrane-bound apo- 
ptotic bodies. 

We conclude from all these data that ADP is required for 
the efficient lysis (death) of Ad-infected cells at very late stages 
of infection. 

ADP is not required for Ad CPE. Although it is clear that 
cells infected with adp mutants remain viable for several days 
longer than those infected with adp^ Ads, monolayer cells 
show typical Ad cytopathic effect (CPE). For both the wild type 
and adp mutants, CPE was observed between 1 and 2 days p.i. 
and was very pronounced by 3 days p.i. An example of such 
cells at 4 days p.i. is shown in Fig. 12. Cells infected with reclOO 
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FIG. 6. Protein synthesis in cells infected with reclOO, dllM, or ptn734.\. A549 cells were mock infected or infected with rcc700, f//712, or pmlZA.X and metabolically 
labeled for 2 h with 25 |xCi of Bxpre^^S'^S (NBN Dupont) at the indicated times p.i., and then proteins were analyzed by SDS-PAGE. Panels A and B are results of 
separate CExperiments. InpanelB, cell viability was determuiedby trypan blue exclusion in parallel with labeling of the proteins. araC(AC) inhibits viral DNA replication 
and prevents the transition from earfy to late stages of infection. ND, not done; MW, molecular weight markers (weights are shown to the left of the gels, in thousands). 
At 25 h p.i.. Ad late proteins are readily apparent, and host cell protein synthesis is curtailed. 



had rounded up and detached from the plastic dishes into 
individual floating cells, many of which showed ballooning of 
the plasma membrane as if the cells had lost the ability to 
control osmotic pressure. On the basis of our measurements of 
cell viability and macromolecular synthesis and integrity, most 
of these cells were probably dead. With pmlMA (Al-48), the 
cells had rounded up and detached into grape-like clusters. 
The cells were highly refractile and intact. As judged by our 
viability studies, most of these cells should be viable. These 
cells were metabolically active as indicated by the acidity (pH) 
of the medium (data not shown). By day 6, when many of the 
adp mutant-infected cells were dead, the grape-like clusters 
had dispersed into single floating cells (data not shown) in the 
manner of rec700-infected cells at day 4. That is, most of the 
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FIG. 7. Agarose gel assay for total cellular RNA in cells infected with rec700 
(wild type [WT]) or dll\2 at days 1 to 6 p.i. 
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FIG. 8. Agarose gel DNA degradation assay for cells infected with reclQO 
(wild type) (lanes 700) and <i/712 (ADP") (lanes 712). The DNA from cells 
infected with reclQQ was degraded more rapidly than the DNA from cells in- 
fected with dm± 



clumped cells were alive, whereas most of the individual cells 
were dead. 

We conclude that although ADP is required for efficient cell 
lysis, it is not required for most of the features of Ad CPE. 

DISCUSSION 

This study was prompted by our observation that Ad mu- 
tants that lack the adp gene have small plaques that are slow to 
develop. We then showed that mutants in the adp gene repli- 
cate as well as wild-type Ad, but the mutant virions are re- 
leased more slowly f^om cells. Thus, mutant viruses spread 
more slowly from cell to cell, and the plaques are small. 

Further studies showed that ADP is required for the efficient 
lysis (death) of Ad-infected cells at very late stages of infection. 
Cell death was demonstrated by LDH release, trypan blue 
exclusion, the MTT assay for mitochondrial activity, protein 
synthesis, DNA and RNA degradation, and cell morphology. 
Monolayers of permissive human cells infected with adp'^ Ad 
begin to die at 2 to 3 days p.i., and all the cells are typically 
dead by 5 to 7 days. Cells infected with adp mutants do not 
begin to die until about 6 days p.i. The cells stay intact, nuclear 
DNA can be readily stained with DAPI, and the cells remain 
metabolically active. Prior to death, cells infected with adp 
mutants have swollen nuclei that are full of virus. In recent 
experiments in which the medium was changed every 2 days, 
cells infected with wild-type Ad died with normal kinetics, but 
the survival of cells infected with dlllZ (ADP~) was signifi- 
cantly enhanced so that about 20% of the cells were still viable 
after 14 days p.i. (data not shown). 

Our studies establish that ADP is necessary for efficient cell 
death, but they do not address whether ADP is sufficient for 
cell death. This will require experiments in which ADP is 
expressed autonomously. 

Although Ad is one of the most prolific models in molecular 
biology and has been intensively studied for four decades, the 
mechanism by which Ad is released from cells is not under- 
stood. ADP begins to be synthesized abundantly at 1 day p.i., 
when virions begin to assemble in the cell nucleus, and both 
ADP (52) and virions (Fig. 4) continue to increase in abun- 
dance. As mentioned, cells begin to die at 2 to 3 days p.i. We 
propose that the function of ADP is to promote cellular lysis 
and the release of virus from the infected cell. To our knowl- 



edge, ADP is the first protein encoded by a mammalian DNA 
virus to have such a function. 

Viruses encode a variety of proteins that either induce or 
inhibit cell death (reviewed in reference 42). Ad has several 
such proteins (reviewed in references 42, 58, 60, and 66 to 68). 
The ElA proteins induce apoptosis (59, 62), presumably by 
deregulating the cell cycle (10, 32, 58, 59). The E1B-19K (8, 10, 
38, 40, 46, 47, 49) and E1B-55K (38, 69) proteins inhibit ElA- 
induced apoptosis. The ElA proteins also render cells suscep- 
tible to lysis by tumor necrosis factor (6, 13, 43), an inflamma- 
tory cytokine that is secreted by activated macrophages. Tumor 
necrosis factor-induced cytolysis is inhibited independently by 
the Ad E1B-19K protein (16, 62), the E3-14.7K protein (17, 19, 
26, 37, 56), and the E3-10.4K~14.5K complex of proteins (18). 
These proteins presumably maintain cell viability so that virus 
replication can occur. ADP appears to have the opposite func- 
tion: it promotes cell death so that Ad can be released from the 
infected cell. 

In studies related to Ad-induced CPE, Chen et al. (7) ob- 
served that the Ad L3-encoded protease cleaves cytokeratin 18 
and thereby disrupts the cytokeratin network of HeLa cells. 
Since disruption of keratin filaments renders epithelial cells 
more susceptible to lysis by mild mechanical stress (9, 55), 
Chen et al. (7) proposed that disruption of the cytoskeletal 
system might promote host cell lysis and release of progeny 
virions. Zhang and Schneider (70) extended this concept, re- 
porting that disruption of the cytoskeletal network by the Ad 
protease, together with inhibition of host protein synthesis (to 
prevent repair of the cytokeratin network by newly synthesized 
keratin), is necessary for marked Ad CPE and for facilitation 
of lysis of infected cells and the release of mature virus parti- 
cles. 
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FIG. 9. TUNEL assay for nicked DNA in mock-infected A549 cells and in 
cells infected with rec700 (wild type) or dllll (ADP ). The cells are at 58 h p.i. 
DNA is stained with DAPI; fragmented DNA in the same field is labeled with 
ApopTag. 
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pm734. 1 (M 1 M41 ) cells + virus 4 days 650x 




rec700 cells + virus 4 days 650x 




FIG. 10. Morphology at 4 days p.i. of cells infected with reclVO (wild type) or pmlZA.X (lacks functional ADP). M1M41 refers to the fact thaty7m734.1 has niissense 
mutations in Met-1 and Met-41 in ADP; thus, ADP initiates at Met-49. Most cells infected with rec700 are lysed, whereas most cells infected with ;7m734.1 are intact. 



In our Studies, cells infected with adp mutants showed Ad 
CPE in that the cells rounded up and detached from plastic 
dishes. Although we did not examine the Ad protease directly, 
it must be active in cells infected with adp mutants, because the 
protease is necessaiy for the production of mature infectious 
Ad, and deletion of the adp gene does not affect virus replica- 
tion (Fig. 4). Also, in our studies, cellular protein synthesis was 
inhibited equally efficiently in cells infected with wild-type Ad 
or adp mutants (Fig. 6). Thus, the cytokeratin network was 
presumably equally disrupted in the infected cells. Neverthe- 
less, our data show that adp is required for efficient cell lysis 
and progeny release. It would not be surprising if disruption of 
the cytokeratin network by the Ad protease and inhibition of 
cellular protein synthesis contribute to the fragility of infected 
cells, but our data show clearly that adp is the major determi- 
nant of cellular integrity. 



At very late stages of infection, e.g., 30 to 40 h p.i., ADP 
becomes localized exclusively in the Golgi apparatus and nu- 
clear membrane in A549 cells (41) and also in HeLa, A431, 
Hep3B, and 293 cells (53). Most likely, the site of action of 
ADP in promoting cell death is the nuclear membrane. Bcl-2 
(15, 31) and E1B-19K (61), proteins that inhibit apoptosis, 
localize to the nuclear membrane. This is also true for Nipl, 
Nip2, and Nip3, cellular proteins that interact with Bcl-2 and 
E1B-19K (4). Perhaps ADP promotes cell death by directly or 
indirectly interacting in the nuclear membrane with these pro- 
teins and abix)gating their ability to inhibit cell death. Other 
possibilities are that ADP forms a channel for, e.g., Ca^"*^ ions 
or that ADP disrupts the nuclear membrane. Whatever the 
mechanism of action, it is likely that ADP functions in a stoi- 
chiometric rather than catalytic manner, because the protein is 
made in veiy large amounts (52). 
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FIG. 11. Electron micrographs of typical A549 cells at 4 days p.i. with pmfSAA (Al-48) (A) or rec700 (wild type) (B). 
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rec700 (wild type) 




pm734.1 (A1-48inADP) 




FIG. 12. Phase-contrast microscopy of A549 cells infected with rec700 or 
/)m734.1 at 4 days p.i. With reclOO, the cells are round, detached from the plastic 
dish, and dispersed, many are fysed, and many have the plasma membrane 
bailocmed out. With pmT34A, the cells are round and detached into grape^like 
dusters^ but most are intact. 



There are other proteins that promote cell death (reviewed 
in references 30, 33, 36, 39, 44, and 51). ADP is not related to 
any of these proteins, including p53, c-Myc, ICE and ICE 
family members, Ced4, Bax, Bad, Bcl-Xg, Fas, tumor necrosis 
factor receptor, TRADD, MORTl, MyDllS, and Reaper (14). 
Thus, ADP represents a new class of proteins that promote cell 
death. It will be interesting to determine whether ADP func- 
tions in the same pathway(s) as these other death-inducing 
proteins or in a novel cell death pathway. Regardless, ADP 
should be a useful tool for studying cell death. 

Ceils dying by apoptosis display distinct morphological char- 
acteristics and usually a ladder of DNA nicked between the 
nucleosomes. In our studies, the cells did not have the mor- 
phological characteristics of apoptosis, nor did the degraded 
DNA form a ladder on agarose gels. Thus, ADP may induce 
atypical apoptosis. It seems unlikely that the cells are dying by 
nonspecific necrosis, as this would not be expected to be me- 
diated by a specific protein. Cell death in the Ad system ap- 
pears to be different from the apoptosis reported to be induced 
by human immunodeficiency virus type 1 (1, 22), chicken ane- 
mia virus (35), Sindbis virus (54), and influenza virus (25, 48). 

There is a great deal of interest in the use of Ad vectors for 
somatic cell gene therapy (23). Most vectors have the E3 re- 



gion deleted because it is not required for virus replica lion in 
cultured cells. However, some workers are developing vectors 
that retain E3 in the anticipation that E3 proteins may coun- 
teract the inflammatory response to the vector. We suggest 
that such vectors should not contain the adp gene, because 
ADP may promote the death of the transduced cells. 

Ad transcription units tend to have genes with similar func- 
tions. We have postulated that the E3 transcription unit is a 
cassette of genes that counteracts immunosurveillance (66-68). 
The cell death-promoting function of ADP is in accord with 
this proposal. That is, the quicker the virus is released from the 
infected cell, the less chance the virus has of being killed in the 
cell by cytotoxic T lymphocytes, NK cells, and phagocytic cells 
and the greater chance it has to infect another cell. Also, if the 
cell death induced by ADP is a form of apoptosis, then there 
may not be an inflammatory response, because cell fragments 
produced during apoptosis are rapidly phagocytosed and do 
not induce inflammation (29). 
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■ UPi I ll^yfBp'^Sif UPl 1#mPI1B?I I I^SP rangemthenuraberofcellsthatthlstechnol' 
«^ ^ ogy has to cover is vast. 

awm ^ ^ m^i^^m m®t. j^A^^ • '^'^^ Achilles heel of gene therapyjsjeii^ 

HhIQ nni !^^ WM jt^irST^S delivery, and this is the aspect thafLvve; will 

^ Mmm g^ia ^Mr'iMPpar ^Mi'^MP^ tfti^yp concentrate on here. Tlius far, the proile^^^ 

has been an InabiHty to deliver genes effi- 

»«.^^^ai5 M^*v^-*^«*«8W5t««5«*.*»,8-* ciently and to obtain sustained expression. 

* Tliere are two categories or delivery vehicle 

In princlpie, gene therapy Is simple: putting corrective genetic material (Vector'), (lie hrst coiTiprises the non-viral 
Into ceils alleviates the symptoms of disease. In practlcei considerable vectors, ranging friilm direct injection of 
obstacles have emerged. But, thanlcs to better delivery systems, there DNA to rjiixing the DNA witli polylysine or 
is hope that the technique will succeed. cationic lipids that allow the ge.ne to cross 

the cell nichibrane. Most ofthese approaclies 

In 1990, the first clinical trials for gene- status, accessibility and economics. . suflertroin poor efficiency of delivery and 

therapy approaches to combat disease Wealsoneedtoconsiderhowmuchofthe transient expression of the gen e^'. Although 
were carried out. Conceptually^ the tech- therapeutic protein should be delivered. .In :: tliere are reagents that increase the efficiency 
niqiie involves identifying appropriate DNA haemophilia B,which is caused by a deticien- of delivery, transient expression of the 
sequences and cell types, then developiaig cy of a blood-clotting protein caliediifactbr transgene is a conceptual hurdle that needs 
suitable ways in which to get enough of IX, giving patients just5*>Q oft he:|i6riS^^^ to be addressed. 

theDNAintothesecells. With efficient deliv- culating levels of this protein can substan- Most of the current gene-therapy 
ery, tlie therapeutic prospects range from tially improve their quality of lifel Most peo- approaches make use of the second category 
tackling genetic diseases and slowmg the pie have about 5 ftg of factor IX per millilitre — viral vectors. Importantly, the viruses 
progression of tumours, to fightuig viral of plasma, produced by the 10^* cells that used have aU been disabled of any pathogenic 
infections and stopping neurodegenerative make up the liV(?r. So we need to deliver a effects. Hie use of viruses is a powerful tech- 
diseases. But the problems such as the lack correcting; gene to 5 x 10^^ cells that is, nique, because many of themhavc evolved a 

ofefficientdeliverysystems, lack of sustained 5% ibfiliVef cells. Alternatively, fewer liver specific machinery to deliver DNA to cells, 
expression, and host immune reactions — : : ci^ls woiild need to be modified if more fac- However, humans have an iiniruine system 
remain formidable challenges, \ W'^^ could be produced per cell, without to fight off the virus, and our attempts to 

Although more than 200 cUnical tripi: ' bcirig deleterious. In the brain, however, deliver genes in viral vectors have been 
are currently underway worldwidt-^; wMr gene transfer to just a few hundred cells * confronted by these host responses. ► 
hun dreds of {>atients en roll ed , there is st iU n 0 Enhancef-::>romoter 
single outcome that we can point to as a sue- ^ ^^^^^^^^^ 

cess story. To explore why this is the case, we 63 m^^^^^^m T^ansgi^ne 

will use oiu* own experience and other exam- i , . » « ^ 

pies to look at the many technical, logistical I ^ r 

andJn some eases, ' ^ ..^ infcctianC 7 

need to be wrcome before gene therapy / ^ . c C ' \ ^5 

becomes rcvudhe practice mmedicirie. / t ' ^ ^ \ 

At i present, gene therapy is behig ^' rna »i. ^ n^w e 

'plt^iiiplated only on somatic (essentiaUy, "^ST^ y ^ irir;-\y^r. 

nbn- reproductive) cells. Although many ^ ^ ^ 

somatic tissues can receive therapeutic Ew^"^ Vm-^: mna ^ 

DNA, the choice of cell usually depends on Ga-O^ rn"^ tna- 1 ^-t™— 

the nature of the disease. Sometimes a clear ^ ^^''> ^* 

definition of the target cell is needed. For p^rk':».-,,nrt ^ ^ . j nn-. • 

example, the gene that is deiective in cystic ccH -eoret'm ^ 0 - ^ i'ltegraiion 

fibrosis has been identified, and cluneal - - ^ } actcrix ptcte'r ^^.^^ 

trials to deliver DNA as an aerosol into the »^ • ^ ^ 

lung have already begun^ Although cystic ^'^^ J^^i^ Trsnslation • / ^^^.^ 

fibrosis is manifest in this organ, it is still not KJ . Cyiotton H ^^'^ 

clear that delivery of a correcting gene by ..... 11 - - 

tills method will reach the right type of cell. Figure 1 lb create the retroviral vectors that are used in gene therapy, the life-cycles of their 
On the other hand, to correct blood-clot- naturally occurring counterparts are exploited, a* The transgene (in this case, the gene for factor IX) 
ting disorders such as haemophilia, all that in a vector backbone is put into a packaging cell, which expresses the genes that arc required for viral 
is needed is a therapeutic level of clotting integration {gag^ pol and env). b. The transgene is incorporated into the nucleus, where i t is 
protein Ul tfie plasma^. Hiis protein may be transcribed to make vector RNA Tliis is then packaged into the retroviral vector, which is shed from 
supplied by muscle or liver cells, fibroblasts, the packaging cell c, Tlie vector is delivered to tlie target cell by infection. The membrane of the viral 
or even blood cells^^. The choice of tissue in vector fuses with the target cell, allowing the vector RNA to enter, d, The virally encoded enzyme 
which to express the therapeutic protein reverse transcriptase converts the vector RNA into an RNA-DNA hybrid, and then into double- 
will also ultimately depend on cons idera- stranded DNA. e, The vector DNA is integrated into the host genome, then the host-cell machinery 
tions such as the efficiency of gene deliv- will transcribe and translate it to make RNA and, in this case, factor IX protein, 
ery, protein modifications, imm unological LTR, long terminal repeat; packaging sequence. 
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Retroviral vectors 

Retroviruses are a group of viruses whose 
RNA genome is converted to DNA in the 
infected cell. The genome comprises three 
genes termed gag, pol and e/iv, which are 
flanked by elements called long tenninal 
repeats (lirRs). lliese are required for inte- 
gi ation into thehost genome, and they define 
the beginning and end of the viral genome. 
Hie LTRs also serve as enhancer-promoter 
sequences — that is, they control expression 
of the viral genes. The final element of the 
genome, called the packaging sequence (v|/), 
allows the viral RNA to be distinguished from 
other RNAs in the cell (Fig. 1 V, 

By manipulating the viral genome, viral 
gencscan be replaced with transgenes — such 
as the gene for factor IX (Table 1). Tran- 
scription of the transgene may be under 
the control of viral LTRs or, alternatively, 
enhancer promoter elements can be engi- 
neered in with the transgene. The chimaeric 
genome Ls then introduced into a packaging 
cell, which produces all of the viral proteins 
(such as the produrts of the gag, po/ and env 
genes), but these have been separated from 
the LTRs and the packaging sequence. So, 
only the chimaeric viral genomes are assem- 
bled to generate a retroviral vector. The cul- 
ture medium in which these packaging cells 
have been grown is then applied to the target 
cells, resulting in transfer of the transgene. 
Typically, a million target cells on a culture 
dish can be infected with one milhlitre; of tilic 
viralsoup. 

A critical limitation of retroviral vectors 
is their inability to infect non-drviding cells^ 
such as those that make up muscle, brain, 
lung and liver tissue. So, when possible, the 
cells from ihc target tissue are removed, 
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grown in vitro, and infected with the recom- 
binant retroviral vector, "fhe target a^Ds pro- 
ducing the foreign protein are then trans- 
planted back into the animal. This procedure 
has been termed 'ex vivo gene therapy' and 
our group has used it to Infect mouse pri- 
mary fibroblasts or myoblasts (connective- 
tissue and muscle precursors, respectively) 
witti retroviral vectors producing the factor 
IX protein. But within five to seven days of 
transplanlijig the infected cells back into 
mice, expression of factor IX is shut otf"^*^*^. 
This transcriptional shut-off has even been 
observed in mice lacking a functional 
immune system (nude mice), and it cannot 
be due to cell loss or gene deletion^ because 
tlic transplantedc^lls can l^c recovered. 

Wliat is the mechanism of this u.ne:xpect- 
ed but intriguing problem? We do not yef: 
know, but the exceptions may provide some 
clues. To obtain sustained expression in 
mouse muscle following the transplantation 
of infected myoblasts, we used tile riiukie 
creatine kinase enhancei~prom6tef;itd con- 
trol transcription of the transgene! tJnfortu- 
nately, this is a weakprornoter, and only low 
levels of protein .: Were produced. So, we 
generated a chiiriaeric vector in w^liich the 
muscle creatine kinase enhancer was linked 
to a strong ptipniioter from cytomegalovirus. 
Usingthi^Vettor, sustained andhigh levels of 
faqtor^lX were expressed when the infected 
i; myoblasts were transplanted back into 
: ; mice. Remarkably, these expression levels 
;^ remained unchanged for more than two 
years (the life of the animal). So we can 
override the 'off switch' and achieve higher 
levels of expression by using an appropriate 
enhancer- promoter combination. But the 
search for such conibiua lions is a case 



of trial and error for a given type of cell 

Another formidable challenge to the ex 
vivo approach is the efficiency of transplan-^ 
tation of the infected cells. Attempts to 
repeat the long-term myoblast transplanta- 
tion in haemophiliac dogs led to only short- 
term expression, because the infected dog 
myoblasts could not fuse with the mu^sdi; 
fibres. So perhaps successful aninjMl models 
wiU prove inadequate when the sainc- proto- 
cols are extended to humaiis. iVloreover, 

these models are based on inbred animals 

the outbred human population, with indi- 
vidual variation, wiil;add.yet another degree 
of complexity! The Ki^ematopoietic (blood- 
producing) system may offer an advantage 
for ex y/vageiie therapy because resting stem 
cells can be stimulated to divide in vitro 
usirig growth factors ajid the transplanta- 
tion technology is w^ell established. But there 
is still a lack of good enhancer promoter 
combinations that allow^ sustained produc- 
*tion of highlevels of protein in these cells. 

Another problem is the possibility of 
random integration of vector DNA iiRo the 
host chromosome. Tliis could lead to activa- 
tion of ojicogenes or inactivation of tumour- 
suppressor genes. Although the theoretical 
probability of such an event is quite low, it is of 
some concern (see section on chnical trials), 

Lentlviral vectors 

I^nti viruses also belong to the retrovirus 
family, but they can infect both dividing 
and non- dividing cells'^. Hie besl-known 
lentiviruii is the hum?in irnniunodcficicncy 
virus (HIV), which has been disabled and 
developed as a vector for in vivo ff.mc 
delivery. Like the simple retrovii uses, HIV 
has the three gag, pol and etiv genes, but it 
also carries genes for six accessory proteins 
termed taty rev, vpr, vpu, nef^nd vif^\ 

Using the retrovirus vectors as a model, 
lentivirus vectors have been made, witli the 
transgene enclosed belween the LTRs and a 
packaging sequence^^, Some of the accessory 
proteins can be elinninated without affectuig 
production of the vector or efficiency of 
infection. The env gene product would 
restrict HIV-based vectors to infecting only 
cells that express a protein called CD4^ so, in 
the vectors, this gene is substituted with env 
sequences from other RNA viriu;es that iiave 
a broader infection spectrum (such as glyco- 
protein from the vesicular stomatitis virus). 
Tliese vectors can be produced — albeit on a 
small scale at the moment — at concentra- 
tions of > 1 0* virus particles per ml ( ref 12). 

When lentivirus vectors are injected into 
rodent brain, liver, muscle, eye or pancrea- 
tic-islet cells, they give sustained expression 
for over six months — the longest time test- 
ed so far Unlike the prototypical retrovi- 
ral vectors, the expression is not subject to 
'shut off*, little is known about the pOvSsible 
immune problems associated with lentiviral 
vectors, but injection of 10'' in ice i ious uniis 
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What makes an ideal vector? 



All of the current 
methods of gene delivery 
- whether viral or non- 
viral - hjave some 
limitation. So, the choice 
Of vector will Often be 
dfotatedbythe need If 
expression of the gene is 
required for only a short 
time {for example, 
^xgression of a toxic 
|ehe-product in cancer 
cells), then the adenoviral 
vectors are tdeaL But if 
sustained expression is 
needed (such as for 
most genetic diseases), 
then an integrating vector 



without attendant 
immunological problems 
Is more desirable. An 
ideal. vector may have to 
borrow properties from 
both viral and synthetic 
systems, and it should 
have: 

e High concentration 
(>10'^ viral particles per 
mf), allowing many cells 
to be infected; 

• Convenience and 
reproduoibiSity^ of 
production; 

• Ability to integrate in a 
site-specific location In 
the host chromosome, or 



to be succesGfuliy 
maintained as a stable 
episome; 

• A transcriptional unit 
that can respond to 
manipulation of its 
regulatory elements; 

• Ability to target the 
desired type of cell; 

o No components that 
elicit an immune 
response. 

Although no such 
vector is currently 
available, all ci thes^ 
properties exist, 
individually, in disparate 
delivery systems. 



does not elicit the cellular immune response 

at the site of injection. Furthermore, there 
seems to be no potent antibody response. 
So, at present, lentiviral vectors seem to ofter 
an excellent opportunity for in vivo gene 
delivery with s ustained expression . 

Adenoviral vectors 

Tlic adenoviruses are a family of DNA virus- 
es that can infect both dividing and non- 
dividhig ceils, causing benign respiratory- 
tract infections in humans^ ^ Their genomes 
contain over a dozen genes, and they do not 
usually integrate into the host DNA. Instead, 
they are replicated as episomal (extrachro- 
mosomal) elements in the nucleus of the 
host cell. Replication -deficient adenovirus 
vectors can be generated by replacing the El 
gene — which is essential for viral replica- 
tion with the gene of interest (for exam- 
ple, that for factor IX) and an enhancer- pro- 
moter element. The recombinant vectors are 
then replicated in cells that express the prod- 
ucts of the El gene, and they can be generat- 
ed in very higli concentrations {>1.0"-I0'^ 
adenovirus particles per ml) 

Cells ijifected with recoinbiiianl adeno- 
virus can express the therapeutic gene but, 
because essential genes for viral replication 
are deleted, the vector should not replicate. 
These vectors can infect cells in vivo, cauxsing 
them to express very high levels of the trans- 
gene. Unfortunately, this exi^ression lasts for 
only a short time (5-10 days po.st-infeetionj . 
In contrast to the retroviral vee tors j; long- 
term expression can be achieved if the 
recombinant adenoviral vectors are intro- 
duced into nude mice, ^or into mice that 
are given both the adenoviral vector and 
immunosuppressirig agents**^. Hiis indicates 
that the immatie sptein is behind tlie short- 
term expres&ioii is usually obtained 
from adenoviral vectors. 

Ilierininiuiie reaction is potent, eliciting 
both ithe cell-killhig cellular' response and 
tlie antibody-producing ^humoral' response. 
In tlie cellular response, virally infected cells 
are killedby cytotoxic T lymphocytes "llie 
humoral response results in the generation 
of antibodies to adenoviral proteins, and it 
will prevent any subsequent infection if the 
animal is given a second Lrijeclion of the 
recombjjiant adenovirus. Unfortunately for 
gene therapy, most of the human population 
will probably have antibodies to adenovirus 
from previous infection with the naturally 
occurringvirus. 

It is possible that the target cell contains 
factors that might trigger the synthesis of 
adenoviral proteins, leading to an iiimiune 
response. To try to get around tliis problem, 
second-generation adenoviral vectors were 
developed, in which additional genes that are 
implicated in viral replication were deleted. 
Tliese vectors showed longer-term expres- 
sion, but a decline after 20-40 days was still 
apparent^*. Iliis idea has now been taken fur- 



ther with the generat ion of 'gut- less' vectors 

— all of tlie viral genes are delete d> leaving 
only the elements that define the beginning 
and the end of the genome, and the viral 
packaging sequence;; The transgoiies carried 
by these viruses were expressed for 84 days' "^ 

Tliere are iCbnsiderable immunologicd 
problems to be overcome before adenoviral 
vectpi'Si.caii be used to deliver genes and pro- 
duceiiSustained expression. The incoming 
adenoviral proteins that package DNA can 
be transported to the cytoplasm where they 
are processed arid presented on the cell sur- 
face, tagging the cell as intected for destruc- 
tion by cytotoxic T ceUs. So adenoviral vec- 
tors are extremely useful if expression of the 
transgene is required for short periods of 
time. One promising approach is to deliver 
large n umbers of aden oviral vectors contain- 
ing genes for enzymes that can activate cell 
killing, or immunomodulatory genes, to 
cancer ceUs. In tliis case, the cellular imrnujie 
response against the viral proteins wiU 
augment tumour killing. Finally, although 
inimunosuppressive drugs can extend the 
duration of expression, our goal should be to 
manip ul ate the vector an d n ot the patient. 

Adeno-assoclated viral vectors 

A relative newcomer to the field, adeno-asso- 
ciated virus (AAV) is a simple, non-patho- 
genic, single-stranded DNA viius. Its two 
genes {cap and rep) are sandwiched between 
inverted terminal repeats that define the 
beginning and the end of the virus, and con- 
tain the packaging sequence'^*'. ITie cap gene 
encodes viral capsid (coat) proteins, and the 
rep gene product is involved in viral replica- 
tion and integration. AAV needs additional 
genes to replicate, and these are provided by 
a helper virus (usually adenovirus or herpes 
simplex virus). 

'ITie virus can infect a variety of cell types, 
and— in the presence of the rep gene product 

— tlie viral DNA can integrate preferen- 



tially^^' into human chromosome 19. 'lb pro- 
duce an AAV vector, the rep a nd cap genes are 
replaced with a transgene. Up to lO''- lO'"^ 
viral particles can be produced per ml, but 
only one in 100^1, 000 particles is infectious. 
iMoreoveivpreparation oflhe vector islabori- 
0 us and, due to the toxic nature ofihe r<?p gene 
product and vsome of the adenovirjd helper 
proteins, we currently have no packaging 
cells in which all of the proteins c:ui be si.a[>ly 
provided. Vector preparations must also be 
carefully separated from any contaminating 
adenovirus, and AAV vectors can accommo- 
date only 3. 5-4.0 kilobases of foreign DNA — 
this will exclu de larger genes. Finally, we need 
more information about the immunogeni- 
city of the viral proteins, especially given that 
80% of the adult population have circulating 
antibodies to AAV. These considerations 
notwithstanding, AAV vectors containing 
human factor IX complementary DNA has'c 
been used to infect liver and muscle cells 
in iiiuiiunocorapetent mice, llie mice 
produced therapeutic amounts of fac lor IX 
protein in their blood for over six months^ ' ^, 
confirming the promise of AAV as an in vivo 
gene-therapy vector. 

Other vectors 

Among the other viruses being considered 
and developed, is heqx\s simplex virus, which 
intects cells of the nervous system^, Tlie virus 
contains more than 80 genes, one of which 
(IE3) can be replaced to create the vector. 
Around lO'^-TO^ viral particles are produced 
per ml, but the residual proteins are toxic to 
the target cell . Additional genes c:i u be delet- 
ed, allowing more than one (i ansf^ene lo be 
included. But if essentially all of the viral 
proteins are deleted (gut-less vectors), only 
around 10* viral particles are produced per 
ml. And, again, many people have an immu- 
nity to components of herpes simplex virus, 
bavin g already been infected at some ti me. 
Vaccinia -virus-based vectors have also 
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been explored, largely for generating vac- 
ciiiCvS^"^. The Sindbis and Seniliki Forest virus 
is being exploited as a possible cytoplasmic 
vectoi-^^ which does not integrate into the 
nucleus. Although most of these systems 
produce the foreign protein only transiently, 
they add diversity to tlie available systems of 
gene transfer (Table 2 ). 

Clinical trials 

Over half of the 200 cUnical trials ttiat have 
been launched in the United States involve 
tlierapeutic approaches to cancer. Nearly 30 
of them involve correction of monogenic 
diseases (Table 1 ) such as cystic fibrosis, a^- 
antitrypsin deficiency and severe combined 
immunodeficiency (SCID). Most of the 
trials arc phase I (safety) studies and, by and 
large, the existing delivery systems ha ve no 
major toxicity problems. Moreover, lessons 
can be learned from previous clinical 
ti iais^*^'^. For example, seven yeais ago two 
patients were enrolled in a trial to correa 
deficiencies in adenosine deaminase (ADA, 
which leads to severe immunodeficiency). 
One of the patients unproved, and makes 
25% of normal ADA in her T cells, five years 
after the last infusion of infected T cells 
(although she is still tieated with PEG ADA; 
bovine adenosine deaminase mixed with 
polyethylene glycol). But in the other 
patient, the infected T cells could not 
produce enough of the deficient enzyme. 

The efficacy of gene tlierapy cannot ;be^ 
evaluated until patients are compictelyi taken 
off alternative treatments (in tlie above exam- 
ple, PEG ADA). In another tl•ial^^ weaning a 
patient away from PEG ADA reduced the 
ability of the T cells to respond itt vitroio a chal- 
lenge by pathogens » Clearly, in these cases the 
retroviral vectors were hot optimal, and the 
number of infected blood-progenitor ceU^^ 
cxtreniclyk>W, H6\vever, these trials didhelp to 
t\stablish the technology for generating clini- 
cal-grade recombinant retroviral particles, the 



procedures for inftx:tion and transplantation, 
and the protocols for monitoring patients and 
analysing data. The disappointing outcome 
probably lies in the inefficient gene-delivery 
system. We need a system in which the vector 
— containing the ADA gene — is efficiently 
delivered to progenitor cells, leading to sus- 
tained expression of high levels of the ADA 
protein. But, encouragingly, despite being 
repeatedly injected witli higlily concentrated 
recombinant viruse^s, the patients have 
suffered no untoward effects to date. 

Future prospects 

We now need a renewed emphasis on the 
basic science behind gene therapy — 
particularly the three intertwined fields of 
vectors, immunology and cell biology. 

All of the available viral vectors arose from 
understanding the basic biology of the struc- ^ 
ture and rephcation of viruses . Cleaily, existing 
vectors need to be streamlined fttrther (see box 
on page 241), and vectors that target sj^^cific 
types of cell are being deydppedi l'ilie tise of 
antibody fragments, lig^hd|i^ io; cell-specific 
receptors, or chemical riisdifications to the 
vector ria*d to be explored systematically. And 
ad vances such as the report — published only 
last week^^ of the three-dimensional stnic- 
tui e ofthe BnV protein from mouse leukaemia 
vi ru^^ (a commonly used vector), will facilitate 
the design of targeted vectors, A better under- 
standing of gene transcription will allow us to 
design regulatory elements that permit pro- 
moter activity to be modulated, and develop- 
ment of tissue-specific enhancer-promoter 
elements should be vigorously pursued. Final- 
ly, we need to begin merging some of tlie quali- 
ties of vu*al vectors with non -viral vectors, 
to generate a safe and efficient gene-delivery 
system. 

With respect to immunology, viruses still 

have many secrets to be unravelled. Viral 
systems that have evolved to escape immune 
surveillance can be incorporated into viral 



..Tdbi^.2. Cbmparisonof properties of various vector systems 






t.entMrai 


AdmovkBl 


AAV 


Naked/ 
lipid- mA 


Maximum 
lasert size 


7 -Z5 M> 


7-Zokb 


-30 kb 


ao 4v0 kb 


Unijmitod Size 


Ooncenlrartons 


>W 




>to'^ 




No limitation 


(vlial pafilcies 
per m!) 












Roao of godo 
ctelivery 


tx Vivo 


Ix/in v/Vo 


LxSn Wo 


LxAn vivo 


£ }^An vh'o 


Integration 




Yes 


No 


Yes/No 


Very poor 


Duration of 


Short 




Short = 


!.ono ■ 


Short 














Stability 


Good 


Not rested 


Good 


Cood 


Very good 


La$D ot 
pwparalion 
(sc-^lo up) 


Pilot $a=>io up. 
up to 20-50 1 


Not Knov^j-i 


1 dsy to SOc^lr- up 


Ditficuit to pufily, 
difnculi 10 
scfiio up 


tasy to 5calo up 


immunoicKjicai 
prot>lQms 


Fevv 




Lxtcnstvo 


Not known 


None 


Pre-extsting 
tot irntnunity 


Unlikely 


Unlikely, except 
iTiaybe ADS. 
patients 


Yes 




No 


Safoty . 

pioblems 


tn$0t1ionai- ■; 


...i(i5Cftfonat 
mutagenesis? 


...Inflammatory 
lesponse, luxicjly 


inttamm^i^tory 
response> laxiciiy 


None .X.. 



vectors. Some of tliese are being character- 
ized; for example, llie adenoviral F3 protein, 
the heipes simplex ICP47 protein and the 
cytomegalovirus US 11 protein'^^. Systems 
from other pathogens may also be borrowed 
and incorporated in to vectors. 1 n some cases, 
the correcting protein will be sensed, as 
foreign, eliciting an immune response:! 
Animal models should help us to iincier- 
stand this and, where necessarVi i o ;dcvelop 
strategics for tolerance. 

Cell biology is involved because, in many 
cases, the goal of gene therapy is lo correct 
difTerent rated cells, such as epithelial cells in 
cystic fibrosis and lymphoid cells in ADA 
deficiency,^:l Iow<!;yer, because these cells are 
continue iisly: replaced there lias to be either 
conti nued therapy or an at temp t to target the 
stern cell.^. We first need to develop ftirther 
the technologies for identifying and isolating 
these cells, to understand their regulation, 
and lo target infection to them iti vivo. 

So how far have we come since clinical 
trials began? ITie promises are still great, and 
the problems have been identil ied ( ukI ihey 
'are surmountable), Butwhat of theprospccls? 
Our view is that, in tlie not too distant future, 
gene therapy will become as routine a 
practice as heart transplants are today. □ 
IttderM, Verina andNikunj Somia are in the 
Laboratory of Genetics, The Salk Institute for 
Biohgit'M Studies, La JoUa, California 92037. USA. 
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Human carcinoembryonic antigen (C£A) belongs to a 
family of membrane glycoproteins that are overex- 
pressed in many carcinomas; CEA functions in vitro as a 
homotypic intercellular adhesion molecule and can in- 
hibit differentiation when expressed ectopically in myo- 
blasts. The regulation of expression of CEA is therefore 
of considerable interest. The CEA gene promoter region 
between —403 and —124 base pairs upstream of the 
translation initiation site directed high levels of expres- 
sion in CEA-expressing SW403 cells and was 3 times 
more active in differentiated than in undifferentiated 
Caco-2 cells» correlating exactly with the 3-fold increase 
in CEA mRNA seen in differentiated Caco-2 cells. Inclu- 
sion of additional upstream sequences between -1098 
and -403 base pairs repressed all activity. By in vitro 
footprinting and deletion analyses, four cis-acting ele* 
ments were mapped within the positive regulatory re- 
gion, and one element within the silencing region. Sev- 
eral nuclear factors binding to these domains were 
identified: USF» Spl, and an Spl-like factor. By co-trans- 
fection, USF directly activated the CEA gene promoter 
in vivo in both SW403 and Caco-2 cells. In addition, the 
levels of factors binding to each positively acting ele- 
ment increased dramatically with differentiation in 
Caco-2 cells. Thus the transcriptional control of the CEA 
gene depends on the interaction of several regulatory 
elements that bind multiple specific factors. 



CEA,^ a membrane glycoprotein first observed in human 
fetal colon and colorectal cancer (1), is a widely used clinical 
tumor marker. CEA has been shown to function in vitro as a 
homotypic intercellular adhesion molecule (2, 3) and could thus 
play an important role during development. A model for a 
possible carcinogenic role of CEA overproduction in the colon 
has been suggested (2, 4). In support of this model, we have 
recently shown that the ectopic expression of CEA on the sur- 
face of rat L6 myoblaets can completely block terminal differ- 
entiation and the normal loss of proliferative capacity (5). 
These attributes make CEA an important candidate for studies 
on control of gene expression. 

CEA is a member of the immunoglobulin supergene family 
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and is the prototype for its own subfamily of closely related 
molecules that vary in domain composition and tissue distri- 
bution (for a review, see Rof. 6). This subfamily consists of 29 
closely linked genes on chromosome 19, including those coding 
for CEA itself, nonspecific cross-reacting antigen (NCA), biliary 
glycoprotein (BGP)» CEA gene family member 6 (CG1V16), and a 
number of other genes with yet undetermined products 
(hsCGMa) (6, 7). As with CEA, NCA and BGP have been shown 
to function in vitro as intercellular adhesion molecules (2,3, 6). 

Cloned cDNAs for CEA, NCA, and BGP have been used as 
probes to study their expression in normal and tumor tissue (6). 
Whereas CEA mRNA is present at low levels in normal adult 
colon and is usually overexpressed in malignant colon and 
other cancers of epithelial cell origin, NCA mRNA is found in 
normal colon, lung, and granulocytes and is elevated by a 
greater factor in tumors of the colon, breast, and lung (6). 
Several forms of BGP have been isolated from bile ducts, gall- 
bladder mucosa, and various tumors (6). In contrast to CEA 
and NCA mRNAs, the expression of two BGP mRNAs have 
been shown to be down -regulated in colorectal carcinomas in 
comparison to normal adjacent mucosa (8). The increased Icjv- 
els of CEA have been shown not to be due to gene rearrange- 
ments or amplification (9) but, instead, to hypomethylation of 
upstream regions (9-11) and/or factor changes leading to al- 
tered rates of transcription; post-tranacriptional changes have 
also been implicated (9, 12). 

CEA and NCA mRNA levels have also been investigated in 
the differentiating Caco-2 cell system (12). When cultured in 
vitro, between 4 and 11 days after reaching confluence, this 
human colon adenocarcinoma cell line diflerentiates and be- 
comes highly polarized, with tight junctions between individual 
cells and a brush border membrane containing enzymes char- 
acteristic of a fully differentiated intestinal epithelium (13, 14). 
We found that CEA transcript levels were 3-fold higher in fully 
differentiated Caco-2 cells than in undifferentiated monolayers 
(12). In the present study, we have used the differentiation 
control of the CEA gene in Caco-2 cells to check the biological 
validity of the CEA promoter analysis. 

To carry out this analysis, we characterized the upstream 
noncoding region of the CEA gene. A 424-bp 5' flanking se- 
quence has been reported to confer cell-type specific expression 
on a reporter gene (15). Numerous purine-rich sites were pos- 
tulated to play a role in transcriptional control (11), but the 
exact regulatory elements involved remained unknown. We 
now demonstrate that both positive and negative elements 
reside within 1098 bp upstream of the translational start site 
and that a 403-bp upstream sequence confers cell type-specific 
and differentiation-dependent expression on the luciferase re- 
porter gene. We identify five nuclear factor binding sites and 
three of the multiple ira/w-acting factors (USF, Spl. and Spl- 
like) interacting with the stimulatory domain. In addition, we 
present direct evidence that USF activates CEA gene tran- 
scription in vivo. 
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MATERIALS AND METHODS 

Plasmid Constructions — ^Upon probing a human epithelial genomic 
EMBL3 phage library (gift from N. Laskin, Cold Spring Harbor Labo- 
ratory, Cold Spring Harbor, NY) with the 6' untranslated and leader 
region of human CEA cDNA (16), a 17.7-kilobase pair genomic clone 
was found to contain sequence identical to that of the CKA coding 
region. In addition, 2.3 kilobase pairs of upstream sequence were found 
to be virtually identical to the CEA gene (COSCEAOl) sequence already 
published (15); only five dispersed single base differences were found in 
1098 bp of sequenced DNA immediately upstream of the initiation 
codon. The -3500 to +1 (translational start site of the CEA gene) 
upstream region of this genomic clone was used for promoter analyses. 

5' deletion mutants of the CEA gene promoter lacked the CEA 
translation initiation codon and were fused immediately 5' to the firefly 
ludferase (LUC) reporter gene (17) at the Smal site of the pXP2 vector 
(18), The resulting plasmids were named according to the sizes of their 
respective CEA promoter restriction fragments as shown in Fig. 1. 
Internal deletion mutants of the CEA gene promoter, pl09dA279LUC 
and pl098aA27.9LUC, were constructed as follows: the At;rir'^^ to 
Aval~^ fragment was blunt-ended and inserted in the sense and 
antisense (a) orientation into the blunt-ended Avrll site in pl24LUC, 
thus preserving the transcriptional initiation site at its proper position. 
pl098+279LUC contains the 974-bp Ai;rII fragment, spanning from 
-124 to -1098, inserted into the Ayrll site of p403LUC. pRSVIjUC 
(18), containing the RSV long terminal repeat fused to the LUC gene in 
pXP2, was obtained from Dr, M. Featherstone (McGill Cancer Centre, 
Montreal); pRSVZ^-gal was obtained from Dr. E. Shoubridge (Montreal 
Neurological Institute, Montreal) and contains the /3-galacto.sidase gene 
driven by the RSV long terminal repeat. 

Cells and DNA Transfectiona — Four human cultured cell lines, 
SW403 (CCL 230, human colon adenocarcinoma). HT29 (HTB 38. hu- 
man colon adenocarcinoma), Caco>2 (HTB 37, human colon adenocar- 
cinoma)» and HepG2 (HB 8065, human hepatocellular carcinoma) were 
obtained from ATCC (Rockvllle, MD) and maintained in Dulbecco's 
modlHed Eagle's medium supplemented with 10% fetal bovine serum 
and penicillin/streptomycin (Life Technologies, Inc.). The LR-73 (Chi- 
nese hamster ovary cell-derived) (19) and HeLa R19 (human epithelial 
cervical carcinoma) (20) cell lines were grown in of-minimal essential 
medium (21), supplemented with 10% fetal bovine serum and penicillin/ 
streptomycin. 

Cells were plated at a density of 1 X 10® cells/lOO-mm plastic Petri 
dish 24 h before transfection. 10 pLg of pRSVLUC or equimolar amounts 
of the promoter-LUC gene constructs were cotransfected with 5 of 
pRSVZ^-gal and 10 fig of calf thymus carrier DNA by calcivun phos- 
phate-DNA coprecipitation as described previously (22). The precipitate 
was removed after 15 h, and the cultures were incubated for another 72 
h in normal growth medium. Undifferentiated Caco-2 monolayers were 
transfected at 2 days before confluence; fully differentiated CacQ-2 cells 
were transfected at 11 days after confluence. Their state of differenti- 
ation was confirmed by the presence of domes and the development of a 
brush border membrane (12). 7-Interferon (Collaborative Research Inc., 
Bedford. MA) was applied to Caco-2 cells at 2000 units/ml as described 
previously (12) immediately following transfection, with a fresh me- 
dium change. LUC activity was measured as described by DeWet et ai 
(17). jS-Galactosidase activity (23) in these same extracts was measured 
to correct for variations in transfection efficiency. Relative luciferase 
activity was calculated as the ratio between LUC and ^-galactosidase 
activities for each transfection and then reported as -fold above back- 
ground (considered as activity of the parented promoterlesa vector, 
pXP2). Each plasmid was tested in duplicate plates and in three to five 
different transfection experiments. 

To assess the effect of USF on CEA promoter activity in vivo, 10 ^g 
of p403LUC and either 5 or 16 fig of pRSV.USF (aa indicated in Table 
II) were coprecipitated with calcium phosphate and transiently trans- 
fected into the SW403 or Caco-2 cell line. pRSV.USF was constructed by 
inserting human USF cDNA (24, 25) into a pUClS-derived expression 
vector driven by the RSV long terminal repeat (18). Rat HNF-4 cDNA in 
the pSG5 expression vector (26) was generously provided by Dr. F. M. 
Sladek (University of California, Riverside, GA). 

Nuclear Extracts and DNase I Footprinting Assays — Nuclear ex- 
tracts were prepared as described by Therrien et al. (27). All buffers 
contained leupeptin, pepstatin A, and aprotinin at concentrations of I 
/ig^ml, and phenylmethylsulfonyl fluoride at 1 mM. Extracts were as- 
sayed for protein content by the Bio-Rad protein assay and stored at 
-75 ''C. 

DNase I footprinting assays were performed essentially as described 
by LeF^vre tt al (28) with modifications as by Howell et al (29). Briefly, 
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1- 2 fmol (10,000 cpm) of DNA probes, labeled at only one end, were 
incubated with 0-160 ftg of nuclear extracts for 15 min on ice; restric- 
tion enzyme-grade bovine serum albumin (Boehringer Mannheim) was 
added so that equal total amounts (160 Mg) of protein were present in 
each reaction. Freshly diluted DNase I (Life Technologies, Inc.) at 20 
ng/30 reaction volume was added for 3 min on ice. Reactions were 
stopped, and the DNA was digested with proteinase K, phenol- 
extracted, and precipitated. The dried DNAs were suspended in form- 
amide loading dye, and equal counts/min were loaded on an 8% poly- 
acrylamide, 8 K urea sequencing gel. Sequencing reactions (23) were 
run alongside as size markers. The dried gels were autoradiographed at 
-75 'C with Cronex Quanta III intensifying screens (E. L du Pont de 
Nemours & Co.). 

Gel Mobility Shift Assays — Probes used for gel mobility shift assays 
corresponded to the protected sequences in the DNase I footprinting 
experiments, including a few nucleotides on either side. Their se- 
quences and that of other competitor oligonucleotides used are shown 
in Table I. The double-stranded oligonucleotides were synthesized 
(Sheldon Biotechnology Centre, McGill University), purified by gel elec- 
trophoresis, phosphorylated with T4 polynucleotide kinase (Pharmacia 
Biotech Inc.) in the presence of [^-^^PJATP (Amersham Corp.), and 
purified from unincorporated radioactivity by passage through NICK 
columns (Pharmacia). About 2 fmol (15,000 cpm) of 5'-end'labeled, 
double-stranded oHgonucleotides were then incubated with 20-60 ^g of 
various nuclear extracts and 4 /u-g of poly(dl-dC) in binding buffer (29) 
at 23 "C for 15 min. For competition experiments, the competitor oligo- 
nucleotides and extracts were mixed together for 15 min at 23 ""C, then 
probe was added for an additional 15-min incubation. All samples were 
subjected to electrophoresis on 5% nondenaturing polyacrylnmifle ^els 
buffered with 1 x TGE (Tris/glycine/EDTA) (23). The gels were auto- 
radiographed at -75 "C with an intensifying screen. Purified human 
AP-2 (30) and Spl (31) transcription factors were obtained from Pro- 
mega Corp. (Madison. WI); rabbit polyclonal IgG specific to the human 
p95 and pi 06 Spl proteins was obtained from Santa Cruz Biotechnol- 
ogy, Inc. (Santa Cruz, CA). Human USF cDNA (24, 25) in a T7-driven 
plasmid and a USF-specific antibody were gifls of Dr. R. G. Roedcr (The 
Rockefeller University, New York, NY). USF protein was obtained 
directly from USF cDNA by T7 UNA polymerase (New England Biolabs) 
transcription in vitrOf followed by translation in vitro using rabbit 
reticulocyte lysate (Promega). 

To determine equivalent amounts of nuclear extracts from Caco-2 
cells in their undifferentiated and differentiated states, oligonucleo- 
tides binding to ubiquitous factors such as Spl (31) or API (32) could 
not be used since the levels of these factors have been observed to 
change with differentiation (Ref 33 and data not shown). Thus equal 
concentrations of isolated nuclei were used to normalize the cxtractj;. 
Using this approach, witfi the preparations shown in Fig. 6, 20 ^g of 
undifferentiated Caco-2 nuclear extract was equivalent to 18 fig of 
differentiated Caco-2 nuclear extract. The data shown in Fig. 6 are 
representative of several independent experiments using independent 
nuclear extracts. 

RESULTS 

Functional Analysis Reveals Negative and Positive Cell-spe- 
cific Regulatory Elements — genomic CEA clone containing 
3.5 kilobase pairs of sequence upstream of the initiation codon 
was isolated from a normal human epithelial cell library and 
was found to be virtually identical in the 5' noncoding sequence 
reported by Schrewe et al. (15) for the CEA gene. In the present 
report, we specifically localize the regulatory elements in the 
CEA upstream region by various 5' deletion constructs in aov- 
eral CEA-producing and non-producing cell lines. A very high 
CEA-producing human colon carcinoma cell line, SW403, 
showed high levels of luciferase expression when driven by a 
403-bp upstream region of the CEA gene (the p403LUC con- 
struct in Fig. 1): 91 -fold above background relative to only 

2- fold and 5.5-fold above background in CEA-non-expressing 
rodent LR-73 and human HeLa R19 cells, respectively. In a low 
CEA-expressing human hepatocarcinoma cell line, HepG2, the 
403-bp minimal promoter gave 7.7-fold above background ac- 
tivity, whereas in HT29 cells, a medium CEA-expressing hu- 
man colon carcinoma cell line, it was surprisingly not active 
(1.8-fold above background) This was perhaps due to the inher- 
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Fig. 1. Localization of the elements determining CEA gene promoter activity. CEA promoter activity in various cell lines is shown. The 
activity of each constmct in each of the cell lines is presented relative to the activity of the promoterlpss vector, pXP2. In all cases* CEA sequences 
from -2 to -124, including the 5' untranslated region and transcription initiation site, are present in plasmid constructs. The translational start 
site ia at position + 1. Ovals represent regions protected in DNase I footprinting assays. Names of constructs correspond to the sizes of the 
fragments tested. Sites used to create constructs are shown on the restriction map, with precise positions shown in Tahle I. The data represent the 
mean ± S.D. of three to four independent experiments, each performed in duplicate, and corrected for protein concentration and for transfection 
efficiency hy the activity of the internal RSVZ^-gal control plasmid. not determined. 



ently low transfection efficiency for HT29 cells, despite correc- 
tions for efficiency. 

Deletion of the -403 to -124 sequence, leaving only the 
transcription initiation site and 5' untranslated region intact 
(pl24LUC construct), abolished all promoter activity (Fig. 1). 
Thus regulatory elements responsible for the control of cell- 
specific expression of the CEA gene reside within this 279'bp 
upstream region. Inversion of the 403-bp minimal promoter in 
the p403aLUC antisense construct strongly reduced but did not 
abolish activity, suggesting that the elements within the min- 
imal promoter may use cryptic signals on either strand for 
transcriptional initiation (no TATA box can be found in the 
upstream sequence of the CEA gene). Inclusion of further up- 
stream sequences (-1098 to -403) in conjunction with the 
minimal promoter, as seen with the pl098LUC construct, re- 
pressed promoter activity markedly in SW403 cells (Fig. 1). The 
-1098 to -403 region alone, placed in either orientation before 
the fragment containing the transcription initiation site, 
showed no activity whatsoever (constructs pl098A279LUC and 
pl098aA279LUC). Hence, a silencer region, which can down- 
regulate CEA gene transcription, must lie within the -1098 to 
-403 bp sequence. This silencer can nevertheless be com- 
pletely overcome by the upstream placement of a second 279-bp 
(from -403 to -124) region at -1098 bp (construct 
p279+1098LUC) (Fig. 1). 

Differentiation Dependence of Regulatory Elements — ^To de- 
termine whether the transcriptional control of CEA expression 
seen previously with the differentiation of Caco-2 cells (12) 
could be accounted for by the CEA gene upstream regulatory 
region, all promoter constructs were transiently transfected 
into undifferentiated, subconfluent Caco-2 cells and into fully 
differentiated Caco-2 cells. The last two columns in Fig. 1 
summarize the results. The 403-bp minimal promoter was 



found to be 3 times more active in differentiated than in un- 
differentiated Caco-2 cells, thus correlating exactly with the 
3-fold increase seen in CEA mRNA in differentiated monolay- 
ers (12). CEA regulatory elements found within this 403-bp 
region could therefore be responsible for differentiation-depend- 
ent CEA expression in Caco-2 cells. 

As seen with the SW403 cell line, the inclusion of additional 
upstream (-1098 to -403) sequence also repressed promoter 
activity in Caco-2 cells, and further deletions of the minimal 
promoter past position 403 generally decreased activity. Only 
in Caco-2 cells does the p300LUC construct give higher activity 
than the p403LUC construct, however. It is thus possible that 
a second silencing element, recognized by factors only in Caco-2 
nuclear extracts, ia present in the -403 to -300 region. 

Since y-interferon increases levels of CEA mRNA quite dra- 
matically in the Caco-2 cell line (12), this cytokine was applied 
for 3 days to examine changes in promoter activity. However, 
no effects on promoter activity were seen (data not shown), 
despite the presence of several possible 7-interferon activation 
sites and y-interferon-atimulated response elements in the up- 
stream promoter region (-835 to -1650). 

DNase I Footprinting— -To localize the regulatory elements 
responsible for the activities seen with the luciferase constructs 
in Fig. 1, we performed DNase I protection experiments using 
end-labeled fragments as probes incubated with nuclear ex- 
tracts from various CEA-expressing and non-expressing cell 
lines. In all cases, any observed footprints were considered 
valid only if demonstrated on both strands in repeated exper- 
iments. Within the -403 to - 124 upstream region, the deletion 
of which abolished all promoter activity (Fig. 1; pl24LUC con- 
struct), we identified four sites protected from DNase I diges- 
tion by various CEA-expressing cell line nuclear extracts but 
not by CEA non-expressing LR-73 extracts (Fig. 2, B and C), 
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B'ootprints <FP) FP l and FP4 were dfjarly vijjihie ^vith nade^ir 
e}<txa(;t« fft>Ki riioiit i>rth<} CTA-e?;|>re^$su'jg Yinmi \hmr pmiiiom 

With p280UUC; conuxkmg md fs^okhig thi> FF4 <>k;>\io.nt. ne- 
;^po<;tivel>% i^^dlcates mx approximately 2^IV}ld contdbution of 
ihiif oAm\mt m th^v minimal proincter aciivHy. 
Two additional fcatpri^^l;^, labeled FP2 ^in^ vveni r^- 

piTs^Mit. althmigh los-s apparent wiUi f>xiract^ (rotn SW40^ 
celk (I^g. Two DNaf^e Lhypersenallivf; siitei* <\rii vxiyi\:i\i> 
})^<^m iind 

In Fig. 2D. \M. •■ 8^>5 to •401:5 re^ri^>^> was vj<5(;d an 

end-labeled probe m DNuMfi I Ibotprnilit-jg i^^m'hm^iis: only 
yjie prottictod r^gioji could hf^ «:!<:?<:;cttKl h:i ri>pyai:ed ex :i>erin><rut;^. 
Tliisi ii:H)l|:n'aU;, liib<?led FF5, svuo f nori.-. ;A|jp;:{(e::it l;rj'29 nu- 
clear extraci: and waj^ Hanked by two l>NJa>;e l-hyperBCK^?^ivive 
j>lteK. Deletion of U-»«=j - lOO^ to -40'^ ri^gi<m rant^inkjg thi?- 
t*lomexa kid tf> an iacr<ja.$e in promoter activity in all eel) Unm 
tested iFig. U pl098LUC i;tir<iijs p40ZlAK: ciynwrwQta). 

USF Bimh to the CEA FFl Element Comparisan of the 

prot<;etcd oeqvKjac^; in FPl to (i tmmt^npVifm f)^c:t;j>r <lata htm<i 



• ABU:: 



FF2 5 ' >~ A VfM^. A',T>'k a v>.?> G G» ;iG .".0. GCCm'V.C f y?: n ■ . !i " 



;4:ijr:ulalia:y Uitliu (UBF) (M) tmd .hepalic nueleKir 

(LF'AI) Oso). Two cotnpleK<=;« with l?d>eled FPl r^ligorRickmjda 
(•r»ble Ik Cl imd C-^ wara visible 'by baad i^hitt aBSUW;^ a?>iaa: 
SW 403 iF%. -iAl iO' Hi;pG2 -F-g. 3C) -u-cbjir aAi;rMi;k>. Fo?n>a- 
{•■on of both eompb.:Ke;* m?n"e^ cQiTvpeted dlectivtdy by a j;U:d 
i04bkl nWljiir «}?ccii»^»i5;> of ait-har ux>l;i*bokd FFJ. oligr>r.iuclaoti.d4^ 
(Fii;; M> hr.ni^ii,2 - 4} va: atGAL2 ouiifynucleaiide, Vi-hx>J^a c^aqaens;*;: 
r«>p:rof?onig a UHi^'-bi^idiing elej!Vient tv. the GAly2 geiia v3i>> (FinJ. 
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Fk'n moMtity sHHit assjjiy: reveals thiM: tho tJSF transcription :fa<?tor binds l« tlt« FPl r«jfu.lat<»*y clement, syntix^tic. 

{ioubl<N:#trjMV<;t*d <^.Ugon;utfk*«>iide rf*p>WttUniy FPl (TabU: h v'ay end- liibtti tnc\ib:Mod vviih Hit {j^ix i>W403 nixrlem- tjxtr^.xd: and elecitrophoj'C.^tid, 
i^howlnj,^ isW) co.iJ)pJe;XOj» (Oi iind C2). 5-, 10-, or 100"i):>1cl imUar t>xi;t\s.sc«i; orcoinpeiiiU;' ol^^O:iy;c:!t^«vU(l€:i> svn;m »» {kj»:1»?c1 ai? iistlicatecl. By USF «vnih<*Ai?st;d 
in vifro (Bem ^'hiate.rmh mu\ Methods"; wai* added to the FPl probt in /cnes' 5 • ;j 5-foUI TJ^(>l5iri^x<?e!S-3 FPl. 0NA was adcJtid iii 

iO\ U:f!i>!i I f «viQ 12, IJSF ^spftoHk ftntibody w^*:* Hrj^t ad^iinl to ITSF pvo^:<?vn nr SW^O^ tiiicl^-ar <>xtri»f?t> n^spti-^Uvety, i'nv 1.5 «nii );ti: (f 'Q. i-imt which 
(;ha FPi p!-obsr wa« a<idijd aad i»cubf»t<?d for another 15 mm on ic&. Th^ sup^ji^hilUd ^k<s.; (-oriipl^K h hnWumiA by aKv an iik? m^^^f. C, ft>r 

co?ap.':a:»i;oi», 40 ■ji'H<;|>G2 aaek^nr oxtr&ct wftf; ;inalyzed foi- biiViling ruidrr the Siimo CoKdicion,* Xh^i with SW40o txiract . 5- jixid 50 :0>ld rui^lur 
«six?iiijeij <it \txdabe1«l» xloubb'tsirttridifd FPl oUg«HuicliJJsti<J<^ w^hj used ;ik (!axa(K!liti>r BNAf?. 



aA, /a/?c.v 6 and f>). The two compkxef^ vver^ riot affocted by an 
excef^vS of an <)Hgoriiic!ei>Udi> re|>reisenti.rig the HMF-4/'LF«-Ai 
moUf tako?) iVo:m the <:tl-ai)titryp^m gene t35) (<>l~AT» F)g> 3A, 
/oa*? 7\ how<?v<*r, suggesting Ijbat the FPl element not an 
site. This corroborates our studk^^ in vvliich 10 
ug of i)40<iLUC and up to 20 /.tg of fuwctional HNF-4 cDNA 
wore co-tranfifecti^d Into Cfdr:*o-2, HepCr^, lind 

celis. Activation of the CMk promot<^r in p4()i^LU(; by l:LNF-4 
could not be detected (data not shown;, evi=;n though USF was 
capable of aetivatmg p403LUC in tho same experiment (see 
below). 

Bince the. (tAL2 luSF i»ligj»nach^ot)de cnn>p«t<=^d efll^ctivc^ly for 
coinplex formation, we tested whether purified USF tr£*.o.$crip- 
tu)n factor would recognixi* the FPl element. The eorapkx 
formed tFifi. oB^ lamni 9 and 1.0) ixmnmuA vvith (^1 tnmx 
SW4(KJ extract (Fif , 3/if, kmc S), Ai5 expected, spc^citlc anti-USF 
antibody supershifted the D.KA/U3F compUx'. (Fig. Uin^ 11) 
but aha siipershifted the CI complex Irom SW403 nuclear 
extract; (Fig. lane 12), Thijs eolen earebioma cell fineti 
clearly ooiuain USF, which can bind t^ the FPl f^ienu'.nt in the 
(JEA gene promoter. 'ri.\c presence of two covnplexc;'; m 1-Ic3p(,v2 
nuck^a)' extract^t mmignamg with those obtain^-d with SW403 
t^xtroct {Fig. 3C> jiiii^gest?^ \ht\i USF h ato present in thm 
bepntoma-derived ceil Ima. 

USF ActivMtion of the CEA Genu Promoter irt Viuo- -To tost 
directiy wheth^^r USF eoold modulnte CEA gene promoter ac- 
tivity in viuOf an expresision pisstwid cavrying^ USF cDNA, pRS^ 
V,USF, together with the CEA minimal promoter comtnict. 
p^OSLUC^ won* eo-traofefected into varioxis e^lU. Co-ts'ansfec- 
tion with 15 /xg of pRSV.USF prodnced 2ii-fold ffreater WC 
activity in BW40?» cells and B.l-fold greater activhy in undif- 
ferj-oitiat^'d Cac«:» -2 colis than the level produced by co-triiosfec- 
tiort with Ifi Pit of pUC, tho parftnt^l voctoi^ of p^{BV^USF, 
lacki^i^ USF cDNA; in addition, the effect of pRSV.USF was 
conceotfation-dopondont ( rablfi fl). h\ contra^tj the ^tctivity of 
the ba$ie hunferae^e vector, pKP2, not inOuenced by o 
transfected pRSV.USF (data not shovvn>, indie^aing: that USF- 
raediated tra?iMCtivation was not due to sequojnces wichiu the 
hiciferaf-fi voctor. In addition, as nientionod above, co- transfec- 



USF aciiixtiivn 0f the CEA .tifinir pratmhT in ffivo 
pUC or pRSV.UJ!>F w^re e<ximmMvim with i:ha p4(?3bL'C ^(mstroH 
Into ihii SW4(Xi nod CliCt)'2 (uadiftt-rej^jUated) cohm earci)»>);ma cfr)! 
lima. LUC {i<:tj viti«?i A.s ^$how:ft irt the two eoluma:* on thi> right r-jpresiJ^fii 
tiui maun ::: S.I). <ir fcwa sijpitratt^ oxps?niyient&» perforated in dapiiCfitc. 
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tion with Amctional l:tNF'4 cDNA also had no t-fleot on the 
activity of p403LUC. Thua it oo<;!>njx lfk(?!y that CEA proniot(jr 
activity is partially controned by i:h<i hv<i\ of USF i»j diiTcrctv 
tiated (?aco-2 cells and colon tuniors- Howevor, USF i^^ a nhiq- 
mUn^^?^y ejtpiOssed fiietor and CEA show.^ a mucli taor« ry- 
stiicteci tisHue-specific e:s:i>n':J?sioa pat4e>'n. 1'beret<>re, oilier 
elerocat:^ and trariiy-ficun^ iaciora of the CKA gem promoter 
most ixvloract to a<*idevo tis>uie-:^peclfu' expi^^^s^ion . 

Spl Spl4ike, and an Unhnoivn Nudmr Fctctor Bind the 
CEA FP2 and FP3 Kiemeni>i — Gel mobility Khift amay^i with 
oligonucleotides reproj^enlijig tl»e FP2 and FM regions are 
ftliown m Figs. 4 oad a, rcspet;4;ivcly. Thym retarded complexes, 
Cl, G2, and C3» were ??een wiib the FF2 probe (Fig. 44 ). Two of 
these, CI and C-2, comigrated with the mo retarded complexes 
seen with tho FF3 probe (F^g. BAX hV2 and FP3 eompt».te with 
each other for the forj[r.tauon of Cl «nd 02 (Figs. 44 and M), as 
would be eKpectwl from the high sequence homolos^y betA'een 
the^ie two adjacent sitoj?. The C3 convplex apper^r^, to be dt>e to 
mr unniilatcd factor .specifically rec«x^injrJag the FP2 e!eo.umt> 
since excess FP2 oligonacleotide. hut not FF3 obgoaucio<nide» 
conipetC'S for' it$ fovrenxion (Fijj. 4.4.. Inm*''^ 4 and 61 Th« FP2 
sec{V)eace exhibited sonte homolo^c^" to the API coriff-eninii* rec- 
ognition .site, btit molar excesses of ar* oligonucleotide r<?pre - 
seating an API site did iiot compete with the F?2 prebe «Fi^i. 
4A» lane:^ 9 and .U)) or with the FFJJ probe (Fir^. 5A, iame 9 and 
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l>y Spi «rt<l another novel transcrip* 
ijon faci;«>r. .-1. {:nd-iai)o]oji. (k;ub!j.=^- 

wa« i:ttc.ul)ate<i with 40 /ij? «f SW40!> nu 

phJ>r<;tic atta;.yAii?. 'rh¥»se.o.on^pIexc».« 

Mrandod FP2. Spl, Aod API 

o]ig<»j\ackoti<lci.s CTabit' i; 10- «:tnd i.OO-r<>ia 

was i:acub^:d:et1 wiiU FP2 pcobo in hfm\ r2 
and u-xd^^r \hn ^imi\ himlii-^j ct^uli- 
tlotiJt. Ar«tib(tdy j^pix ifi*:- i:tt S)>I wo^i pr<?jr)~ 
o»bai:<id wHJi H njjjofSpi p:r()t.?{n 'lam* 
14) imii 40 /Ag of SW40.-i nurlcrar <>xJ;)'a(rfc 

plejv is iftdtcat^d by an a»m*4» on tho 
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Spl. A, i?U?t;t»:oj>b<>i:etii: a;ias>'Si> of <?nd' 

ho Ax -V \vi ^'pi \/i f a 

in hr.c^ iZ /»'» J * t <l ;] r> 

(Jii uf pnr(!*i<f<l Spl prol^iin vverr Jn<:iib;iU.;d 

b\xi%' n pjpHK 1 h It/Mi jUi n ' '"^(>1 
p»ot»Mn v/t'fx' » «r.«l U> f i > \V l'"* > n > 
<Ukx {><<)\(i t/(r<f lis^ '^pt ^ti{H, 

ft/7v:.-»/.5 ot) }:h« /-i^f/ff. 6*. ^0 of fl<;p02 
nuck'Ar f?.Kl:r;aoi; tncub»t«>(l. VP<!i 
pvoiH: ur*d<jr iht- *iumt* hindHtif ciiridttHKi-? 



/O). The FP3 ftt»quer.icfi sfu.vw<>d some liomology to « PEA3 site 
(32, Zl). but an exces>s oC an oligonucleotide with thf; I*EA3 
ecc|ut\nce frorn i;h<j polyoma enhancer f PY) ^-^it^ «ot iiVhibit 
complex tbnaattun wiiJb. either the FP<'i probfcj (Fig. .5, ^«nfc\s 
or the FP2 probe (data nrtt shown K Poaifcive crtmpeti- 
tion by i»n oilgoniicit'^otidfc representing a«. Spl binding site 
cay) with both FP2 jind FPr:J as probes (Figs, 4A and 5A. hm$ 
7 and however, indicaU'd that IhiB factor rnay be respon- 
sible for c<r(rrpl<ixes CI inid C2, bat not C8. Although the FP2 
and FPi^ .^itos are remarkably Gi^-rioh, rathtr than the typ- 
ical GC-rich Spl site sftqxienc« (38), purified Spl protein did 
form coinph^xes with both the FP2 and FP3 probes ; which 
comigriated wi tii the C.V complex in SW40'i extnjct (Fig. 4i^, 
Immsi J t and .12; Fl^^ lanufi 14 antl .15). Antibody j?pedfic 
to Spl s^ipershifted the Spl 0.1 complexes foririi-d vyith t!ie 
Ft^? and FF3 elG-ment^, as ftjepeetrrd, but ako iha FP2 and. FP3 
CI complftxei? fpvoit^ci with SW-:iO«) nuclear extracts* (Fig. 4B, 
/rwi^K 7-^ and 75; Fig. (Vi^, ldm$ 77 and Il^ie C2 and ("J 
compbixe^ remainiMt unattl-Cted. Sir.oo Spi pvoU\n did not 
produce 3 band cotnitjratxng wltl-i the C2 co^riplex and tho 
hitter was not affectocl by an Spl-5?pt«cifK; antibody, bat Spl 
aiig:onvicJeotide did compete for the formation of the <y 2 com - 
plox,. v.'e can fn^iy eun'mise titat the r>eeond eo;oip]ex ift dtie ui a 
Spl-Ukt» factnr, and not Sp3. its^<?1f. Tbns, tho FP2 and FPa 
regulatory elements bhid Spl as woll a.s a Bpl-n*iated factor. 
In addittcm, ancU-ier unknown factojr binds exdusivoly to the 



1^P2 ^Ui to p>'odvtc(* the C"S complex. vSimilar complams were 
obtained svilh (Jaco-2 extracts (Fig. 6). 

Ltvds of Nuclear Factors in Diffi^vntUituig Cum-B Vdh 

Caoo-2 colb iihmi increai*ed levels of CEA. njRNA (12) and 
increased tran.scnptumnl aciiv) ty of transfecled CEA promoto- 
lucilerase con;>truct,s (Fig. i) v/ith chffocentx;;itu>{i. Fciuivalent 
amounts of undifferentiated antl differentiated Oyico-2 nuclear 
extracts (bosf:'d on equivaieni nnniber>H of rvudei that diirered 
by Only 10% in the concentration of total naclear protcirisi; isoe 
"Matfenals and Me^thods*) were examined for the levelj? ot Iran- 
soi"iptioii f^aptoj's by gel mobihty ^hsfit *^ssays usmg labekd 
oligo7UTcleotjdc=;>7 rep.re.m»nting tin'v^e of the f<v»i^ CBA: i':j;v act.ffisr 
regubitory eleineats id tin tided above (Fig. G). 

IVobes FPL Fl% and FPo e^ich prodoeeci sevijval complc^xes 
(Fig. lanxiH i-J2^\ i^iinihn- to tho:se «ecn wjth SW403 extracts 
(Figs. iJ"5;. The ievob of thu* complexes obtained were dramat- 
ically higher mmg differentiated (it^) tlian iindifltr-reni.iated (U) 
Caf.uv2 nuclear e:j£traajf (Fig. 6)- 1*hus» the loveh'? of USF, Bp J, 
the Spl iiktt, and th<> tmknov.^^ f?.icte r(?spon?ubh^ for the C3 
contplex with ihcT GEA ¥P2 eiea)eaf. -ail appear to iacreoBC with 
diffefoatiatxon in Caco-2 celb. The lxi{?hi?;r Icveh i^upport our 
co.otention ttiafc or* incrvai^e ir^ the ab^.}ndanee of positive factor'?-; 
interacting vvith the t\\^ulaU}ry ele!neat>< hi tho ntintmal pro- 
moter are partially respooeible for the rise in CEA transerip- 
tion observed in thi$ dilTereatiatiiig f5y*^t(:i)n. 
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}>mtOfft*{ hindmg U> CEA t<^**:itl:'tt«rv 
«>^(r>:«K^Ris- w»>t*: «*:tKl is:-> pajbij*: to vm'imi 

parad- from utJclHT«sn^T5.t:jot^d im<i 
dH1fM'i>5-itlu.i<>«l C«cc:-t> e^Hv*... By u;?mg 

«f ttiid i?l'<u:et>.t:hit(?d Osci-^ fwt?;iiTi=»:r e<t»?iCi: 

tht? f?x|><>;ri«5<-»ij i^hixwr- l:or«? T};*;- ixK^J- 

of iht^ ^;^>x}).:>{^:;^^^^>^ fonni^i Arr<Ki':^ pinni: i<it 
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iiiiitSi blading the r€^gul^itot.y fek^mfeiits <tf. ihn CEA pcmnmiit\ 
llMmt* tauktri* thvsl fcavfj i;<^e:(» idfw-tl-j'Ki avv hi^k.iiWxL F«dt.>rs {sicKHiifrk; 

i}i.f1:or Cfmi->k!(vj;;: J^ji5?<*inc h- thi? OKA. ^■^^ol^ promol^r. T]>o mroH: ^iyii]^^>: 

pafod ia T^bh' TIL 

feht^ CIM «t>«c pswici^ier mnnmimm<\ m Fi^^, 7 a-id Tal^b Til), 
«'h-'vli is the 0rst to Ik* d«5t<imiijied for gene»s of th^; OEA -mb- 
gvimp i£ rhm hximim Ixnmn: murkm.' fmnily. Bximihmi\\ nmm^ 
udng vanuus flnnkim^ i^miimnca^ of tht' CEA promoter 
linkfed io the IwUimm mpi>m-r gene tensfeu?d intf> CEA- 
produdji^ Ce]I?5 cOiipled wiUi DNac^e Ibotpmit aj^fiayis r^*veakd 
that tb<> 5' upi^tr*:>am tmtxum fbisr posiiivi^ (I?'F1- FP4) 

and <>T\<> rii^gi^tivt^ regiibtory t^krnent ^FP5>. The upsit^f-ftm 
iitirtuibtoxy tyctcrr < USF) (34)^ alii<? known 05^^ th<? adenovini?^ 
rnojor bto tran^r^ptitiri iixctor (UUrfK waji sIi<>wb to bind to 
the FPl ^^ifernt^nt: th*? T>«^sitive crmtrol of OBIi'V temcvipuow by 
OSF wrte ei>nfim0ci <iiriiQiiy by the detnoxi^tmlKWi of i^ptjcifje 
sUmulatiioa th<h GEA piwxotor m vim hy aHrm^tkmod 
IJ^^^F-prodncing plai^mtd. The Bpl 0S} and m Bp\A\m. ton- 
scnption fiKit<.>r vvert; foi-iuJ to l>j[£)d U> both C'le FP2 i^Jtd the* 
dom>i^}«t.. Th cough coritpvvter ^^i;;qa«r;.ce ajuuy^iejr, FP4 wftj^ Ibund 
to mmxiMii an AF-2 tro.n!>^^nptk>t) liicto Jr-itc 39), o.jid 
pjv^i minary t*xp<»rifmTit:K - dat?! not snKowi^) confh-aiiHl thr^ pos- 
:SH>il:tiyi oligoauckotidv'ii^ conttiinirig AF-2 binding sHe« com- 
paUHi with tb*; FF4 iiUft tor nucbar f jYct<*r bindhig sjod j;>riniiod 
AF-^ pmtt:i.» waj:; capable of fbrtmu^ a complex with the FP4 
tsto«r*t. Othtir feUsrs bindjcig U) the FP4 «ite, a third liictar 



binding to fch<^ FP2 site and foct^^r,^ reco^nixin« thxt FP5 ?4ii:ini%*r 
<>kTnent retnam lo b^s ideiYtili<»d. 

Ths> b:ok»gKal s?.ig:nitlca«t^ft of thes^ elem.«ym and tWtOr as- 
.«igtw.t.H*'ni:B wo*< .fbrther t.mxi*(i \v.-mg the (•mN')-2 co'lof'ii>cyU' ^--ys - 
rem, whii.:h ^howt? an bicrea^e m CEA. rnRNA with tlifRM-e^itui - 

level.?* mcreaseti f]fiirn?;ticfdly, it is thus riosjsilde Ihin u^^; i:rniv- 
??crij>iion ^act<>ri^ :id«*ntiiied here o:>u]d ali^o <;oiHroi ihv c^jpri;>;- 
don !i>r(;fe(A m nornud eolorjU; op-thijiifiU cell?;, which Hh<:t\^ an 
i(ycrf^a?i;A CFA nrRNA v40> and pm^jin. (41) ptvviltafxlori diiring 
ih^vv dif^iirmiimiiim in i vim'vii ivom th.(i 'boiU>m to the top of s 
crfpt. T]:it;< bmm tb.r uri;:t:><:r::i>lronii.E c^htunges -~<?en f<>r (.^BA. and 
ot-her CEA liftinily nii>mher>- in tu-inors .n>n:-;:iiT.i^i • 0 ix? invt>~ ttf;^au*d. 

v/jt;h tbo xjpfttr-^^am. rxoneodin^^ sequijnceiii e£ afer t^JEA g^jift 
f^iixrUy »r)embom i^ta shown b^ Toblo ^11. Tha mntmk of <?Kpres- 
au>rt of this hmi\y iJ> of partiaiJar btii^r***«t b<%caoj?*e of the un- 

bet'is (oft<»ii over i^0% -. a^d PBGll are ^xximbor^ of tho 

pr<?giianv'>»--."sp^;je;j|:it:^ g^ycj>pxotoin (FSG) s-itbgrou.:? of the CEA 
p;eae itimiiy vvboj;*;^ upsl^jj^ani ^i-;^quence^- ^howod honi>.«ioi:^y to 
th<? CEA FPa and FP;j «>km?:<nt« only. We havft; ako anidyi^od 
tJh<^ coatrol of 1 {■aj:u;i;ri|:»tu«i i>f a second CEA fkaiOy membfc:?^ 
BQP (42) whschj iinlslo:* OKA (dh erui ^:ho\v (Uicret^mid tmiisvcri pt 
Iev<fl?» m eoUni carcinomas j:^>latj.ve to ?ddjaf:^^nt nornial il«siif* 
(8). Oyrfvpar is^rti of t;b« CEA *md EOF gene prortioters (see Fig. 
7 ibr yuniniurv/ rev^iabd d^J^^!*Knc»0)i; that emsid j^jtplain ihoir 
dif1V>:{-entxal ni<gulatio:r Only two of the corv^-i^pojvdii-x^ BGF 
j^ene ok{«eiit^> eovikl be ??b<;wp to bind nuclo^r jfetrtorA: thus iha 
B|>:L the Spl- bke :riH;i>g}d;^iog }^P2 rxnd FP3 m (^EAX and, th?i 
jjfli^nce:r fectors {v^<i::<^pMvxi< FP5 in CKA) do not bmd io the 
BGF pnmiiMr, whik n mxmid hi^Uir, ^2^1), as well m 

bmdi} to the UBF i^it^i (42). Ksp*:inme::tt& are ra pre^-:re>^s to 
d«;tanrdno wh^^ther the di :f3^w«t d^anj^t'S i ft transcriptton t>f th;^ 
CKA iXno. B(}F m^i^ii j^eeij with color; caixdooge.»«id:^ <:ati bs^ 
ratioaalixed by ctvangev^ ii> th?^:se l^ictor;-;. 

Aitbci^gli the Spl trtm:>vjnpUf;}r- feclor l.oag l>eeo ch-mic- 
terized 0>1a on^y recv^ntly have dranialicaliv bicrea^ed ieveb nt 
this tddquitOviafy ex|>re;>>^ed bu-t<-r l)e<.it>- corwilabsd with dtto - 
Cifitiati^tn (^i^^K 0<;ii«^j re^^olated by Bpl im^hixle th«;* i>>Hor^vi«gr: 
flbron^ctifj, wldch i^hows greatly inhibited fijxpr^jssjoix 
ja«ep|a$t!C tr^^instfirmiitioo .E-cadhoH«, wli^ch i^ a:^Herg|Hy 
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Table III 

Sequence comparisons of the CEA regulatory elements 



Genetic element 


Sequence" 


Position* 


Source 




P A r Ar PP A'TC AC CC AC fiTGATG C TG 


-165 to -141 






G ...CC. 


-167 to -143 




BGP-FPl 


PC PCAG.A. . .A. . . .CAGA 


-158 to -137 


(42) 






-166 to -132 


(15) 


GAL2 gene (USF site) 


AA.-.GGT CTAT 


299 to 28D 


(36) 


USF consensus 


CACGTG 




(34) 




AC AAATG AG AGCGGAGGGG AC AG A 


-207 to -184 






T 


-209 to -186 


(54) 




G A AA 


— IQQ tn - 17fi 


(42) 




A r 


- 1 99 tn — 1 74 


(15) 




G C A 


171 to 194 


(55) 




G C A A 


412 to 435 


(20) 


SV40 fSnl site) 


TTC TC C CG 




(38) 


Spl consensus 


GGGGCGGGGC 




(38) 




TA TAAT 






PPA rp^ 


A AA Ac&r^r^&rzpr'&r' A A A Ar:& 


\,Q £>1.L 




i^iv^A ajigneci 








BGP aligned 


. . .G.GA.A.TAA.GAC* . . 


-222 to -203 


(42) 


hsCGMl aligned 


CCC, .G. .A. .A,AGA. . .T, . 


-224 to -203 


(15) 


PSaS aligned 


C. . .A.GA GGAG 


147 to 168 


(56) 


PSGll aligned 


. .C. . .A.GA. .GAG. .GG. 


388 to 408 


(56) 


SV40 (Spl site) 


TCG.TC.G. .C. . .G.G.G 




(38) 


Spl consensus 






KOO] 




TA TAAT 






CEA FP4 


TCCACAGGGGATGGGGGTCCATCC 


-299 to -276 




NCA aligned 


. GTTAT . . AACA. . . . TC . A . A . A 


-307 to -284 


(54) 


BGP-FP2 


TCCTCC, .TG.T OA. A TCAT.A 


-305 to -273 


(42) 


hsCGMl aligned 


. GTTAT . AAACA . . . ATC . A. GTA 


-299 to -276 


(15) 


CEA FP5 


TCCATCCCT 


-568 to -560 




NCA aligned 


. . . CAGGAA 


-609 to -601 


(15) 


BGP aUgned 


..TG 


-590 to -582 


(42) 


hsCGMl aligned 


. . . CAGGAA 


-598 to -590 


(15) 



" Matches to the CEA element sequences are indicated by dots. 

^ Relative to the translational initiation site at +1 for CEA family members: CEA, NCA, BGP, and hsCGMl. 



down-regulated in tumors (44); and the human papillomavirus 
type 18 E6-E7 oncogene, which also has an unusual Spl site 

(45) . Specific recognition of the DNA sequence is provided for 
by the three zinc finger domains of Spl (46). Although the core 
sequence is a typical GC box, substitutions are tolerated as long 
as certain G residues are present for contact with the "fingers" 

(46) . These contact points exist in the FP2 and FP3 elements of 
the CEA gene, within the aligned homologous sequences of the 
NCA gene, and within the CGMl sequence aligned to the CEA 
FP2 element (see Table III). 

The USF gene has recently been cloned and is now known to 
code for a ubiquitous factor with a helix-loop-helix repeat do- 
main and a leucine zipper (34). Its protein-binding interface is 
similar to that of Myc and Max (47). Ail Myc family members 
recognize an identical core DNA target sequence of CACGTG 
and appear to bind to DNA as homo- or heterodimers, depend- 
ent on specificities contained within the leucine zipper (34, 48, 
49). Since we have directly demonstrated that USF activates 
the CEA promoter in vivo, any factors interacting with and 
modulating this nuclear factor should also modulate CEA gene 
expression. Although pxirified Myc protein did not bind to the 
CEA FPl site (data not shown), it remains possible that the 
heterodimer c-Myc/Max could bind to this element or to USF 
itself. Both Myc/Max and USF have also been shown to bend 
DNA toward the minor groove to the same angle and orienta- 
tion (50). Pognonec ei al. (51) have also demonstrated that the 
DNA-binding activity of USF is regulated via a redox depend- 
ent mechanism. The activity of the CEA promoter could there- 
fore be partially controlled by a complex balance between the 
binding of various other b-HLH proteins to form heterodiraers 
with USF, the redox mechanism, and competition for DNA 
binding by other factors, such as HNF-4 as shown for the BGP 
promoter (42). As previously mentioned, CEA mRNA levels are 



up-regulated in colon carcinomas. About 70% of colon carcino- 
mas overexpresB the CrMyc gene as well as other members of 
the Myc gene family (52, 53), although the status of USF 
expression is presently unknown. 

This study has identified many of the cis-acting elements 
involved in the transcriptional control of the CEA genu and 
some of the ^rans-acting factors which interact with them. 
USF, in particular, is involved in both CEA and BGP control 
and may play an important part in the overall control system of 
the CEA gene family. These assignments, coupled with further 
studies on other family members, should lead to the rational- 
ization of the observed tissue-specific, differentiation-depend- 
ent expression of the family. The possible deregulation of these 
^m^s -acting transcriptional factors in colon carcinogenesis 
could represent the basis for changes in the expression of CEA 
and other family members seen in tumors, changes that could 
be instrumental in the carcinogenetic process (2). Ectopic ex- 
pression of CEA, for example, has been shown recently to block 
myogenic differentiation and leave cells with division potential 
(5). It will now be of interest to determine whether the CEA 
regulatory elements identified here are targets for the action of 
oncogenes and tumor suppressor genes. 

Acknowledgments — We are indebted to Drs. P. Pognonec, T. Gutjahr, 
and R. Roedcr (Rockefeller University, New York) for USF cDNA and 
anti-USF antibody, and to Dr. F. M. Sladek (University of California, 
Riverside, CA) for HNF-4 cDNA. We also thank Dr. N. Beauchemin for 
stimulating discussions and critical advice and Drs. M. Chamberlin and 
J. Chou (National Institutes of Health. Bethesda. MD) for helpful dis- 
cussions of unpublished work. 
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Expression of a Thyroid 
Hormone-responsive 
Recombinant Gene Introduced 
into Adult Mice Livers by 
Replication-defective Adenovirus 
Can Be Regulated by 
Endogenous Thyroid Hormone 
Receptor* 

(Received for publication, July 8, 1994) 

Yosfaitaka Hayashii, Alexander M. DePaolif , 
Charles F. Burant^:, and Samuel Refetofft§T]II 

From the Departments of Medicine and ^Pediatrics 
and the Ht/. P. Kennedy Jr. Mental Retardation Research 
Center, University of Chicago, Chicago, Illinois 60637 

We constructed a recombinant adenovirus carrying 
the firefly luciferase gene driven by the thymidine ki- 
nase promoter and controlled by the palindromic thy- 
roid hormone/retinoic acid-responsive element. The 
same adenovirus vector without the hormone'respon- 
sive clement was used as control. Regulation of the lu- 
ciferase gene expression was tested in pituitary-derived 
GH cells and hepatoma-derived HepG2 cells infected 
with the recombinant adenoviruses. Administration of 
triiodothyronine to GH cells and all-fra/is-retinoic acid 
to HepG2 cells resulted in 8.0 ± Q.3-fold and 4.6 ± 0.5>fold 
induction of luciferase activity, respectively. No signifi- 
cant increase was observed with the control adenovirus. 
Hormonal regulation was also examined in adult mice. 
Mice depleted of thyroid hormone were injected intra- 
venously with the recombinant adenoviruses and given 
4 times the replacement dose of triiodothyronine or ve- 
hicle only for 4 days. Hormone administration resulted 
in 4.2-fold increase of luciferase activity in liver homo- 
genatcs* No significant effect was observed in animals 
iigected with the control adenovirus. This recombinant 
adenovirus provides a new experimental system in the 
study of thyroid hormone and retinoic acid action and 
offers the potential to regulate by physiological means 
the expression of genes transferred for the purpose of 
therapy. 



The replication-defective adenovirus is an efficient vehicle 
for the transfer of foreign genes to a broad spectrum of eukar- 
yotic cells. Since adenovirus can infect non-proliferating cells, 
it can be efRciently incorporated into a variety of organs in the 
whole animal wiUi rare integration of the viral genome into 
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chromosomes (1, 2), These characteristics make the adenovirus 
suitable for use in gene therapy, and a number of studies in 
animals and in man have been pursued in recent years with the 
purpose of treating cystic fibrosis (3, 4), familial hypercholes- 
terolemia (5), hemophilia B (6), Duchenne muscular dystrophy 
(7), and aj^-antitrypsin deficiency (8). In all instances expres- 
sion of the therapeutic genes has been insured by the inclusion 
of a strong constitutive promoter and the level of expression 
determined by the infection dose. The utility of the system 
would be greatly improved if the expression levels of the trans- 
ferred gene could be ^modulated by the administration of a 
regulatory substance. To address this possibility, we con- 
structed a recombinant adenovirus in which the firefly lucifer- 
ase gene is driven by a promoter responsive to both thyroid 
hormone and retinoic acid. The level of expression of this re- 
porter gene, when transferred into adult mice, could be regu- 
lated by varying the thyroid hormone concentration within the 
broad physiological range. 

EXPERIME^^rAL PROCEDURES 

Construction of Recombinant Adenovirus — The herpes simp]<.:x virus 
thymidine kinase promoter (tk) and 3 copies of palindrnmic i.hyroid 
hormone/retinoic acid-responaive element (TKEpa]: AOG'I'CA- 
TGACCT)' Beparatcd by 10 base pairs, were excised from the plasmid 
TREpalx3-CAT (9) and placed upstream of firefly luciferase (Luc) gene 
in pGL2Basic (Promega, Madison, WI) to construct tk-TREpalxS-Luc. 
The Luc expression cassette (tk-TREpalx3-Luc-SV40polyCA)) was then 
inserted into the multiple cloning site of the pAC plasmid resulting in 
pAC-tk-TREpalx3-Luc. A pAC plasmid canrying the Luc expression cas- 
sette without TREpal (pAC-tk-Luc) was also constructed to serve as a 
control. The human embryo kidney epithelial cell line, transformed 
with the adenovirus El region (293 cells) (10), was propagated in 
60-mm dishes and co-transfected with 8 pg of pJMl7 (11) and 2 pg of 
either of the two pAC plasraids by the calcium phosphate co-precipita- 
tion method (12). After overnight incubation, cells were overlaid with 
minimum essential medium containing 1% fetal bovine serum (FBS) 
and 0.75% Bacto-agar Overlay was repeated on days 3 and 6. On day 9, 
minimum essential medium/FBS/Bacto-agar containing 0.01% neutral 
red was added to visualize the plaques, which were picked up on day 10. 
The recombinant adenoviruses (Ad5-tk-TREpalx3-Luc and .'\d5-Lk-Luc) 
were further propagated^ in 293 cells and integrity of the constructs 
verified by Southern blot'annlysis. 

Preparation of Adenoviruses for Infection — ^293 cells were infected at 
a multiplicity of infection (m.o.i.) of 6. Forty-eight hours later, cells were 
harvested and suspended in hypotonic buffer (10 mw TVis-Cl, pH 8.0, 1 
mM MgClj). After three cycles of freezing and thawing (dry ice/ethanol 
and 37 *C water bath), cell debris were removed by centrifugation at 
2000 X g for 5 min. The supernatant was further purified by ultracen- 
trifugation in cesium chloride gradient (12) and dialyzed against iso- 
tonic saUne (135 niM NaCl, 5 mia KCl. 1 nw MgClj, 10 mM Tris-Cl, pH 
7.4). The concentration of adenovirus particles was determined by op- 
tical density at 260 nm (10^^ particles = 1 ODjjq) and by the plaque- 
forming assay (100 particles = 1 plaque-forming unit (pfti)). 

Cell Culture Procedure— Th^ human hepatoblastoma (HepG2) coll 
line and rat anterior pituitary tumor (GH) cell line were giown in 
Dulbecco's modified Eaglets medium supplemented with lO'^b PBS. 
Twenty-four hours before infection, medium was changed to I!)iilbecco's 
modified Eagle's medium containing 10% hormone-deficient (charcoal- 
stripped) FBS. Cells were infected at a m.o.i. of 0.5-5 by exposure to the 
adenovirua overnight. Cells were then trypsinized and distributed into 
12<well plates, and 24 h later, various concentrations of 3,3',5-triiodo- 



* The abbreviations used are: TRE pal, palindromic thyroid honnone/ 
retinoic acid-responsive element; Luc, luciferase; FfiS. fetal bovine se* 
rum; m.o.i., multiplicity of infection; Tj, 3,3',5-triiodoth3rronine; RA, 
all-frans-retinoic acid; pfu, plaque-forming unit(s); ztuu., map uniUs); 
tk, thymidine kinase. 
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Fio. 1. General outline of a chimeric adenovirus construction. 

Co-transfection of pAC plaamid containing the Luciferase expression 
casBette and pJMl? into 293 cells results in the formation of the rep- 
lication-defective Ad6-tk-palx3-Luc by homologous recombination. The 
shaded area in Ad5-tk-pabc3-Luc represents the Luc expression cas- 
sette, which is shovm at top of the Hgure. One hundred m.u. (36 kilobase 
pairs) is the Mvhole length of Ad5. For details, see ^'Experimental Pro- 
cedures.** 
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Fig. 2. Hormonal regulation of Luc gene expression in tissue 
culture. A, effect of T3 on Luc gene expression in GH cells, B, effect of 
RAon Luc gene expression in HepG2 cells. Both cell lines were infected 
with Ad5-tk-palx3-Luc {filled bars) or Ad5-tk-Luc (open bars) at a m.o.i. 
of 5 and then incubated for 24 h in the absence or presence of different 
concentrations of the hormones. Results are expressed as mean ± S.D. 
Physiological concentrations of Tg and RA in the presence of 10% FRS 
are 0.2 and 10 nM, respectively. 



thyronine (T3) or all-irons-retinoic acid (RA) were added to the medium. 
Cells were incubated for an additional 24 h and then lysed in 100 pi of 
lysis solution (25 mM TVis phosphate, pH 7.8, 2 mM dithiothreitol, 2 mw 
l,2-diaminocyclohexane-iV,iV,N^',Ar'-tetraacetic acid, 10% glycerol, 1% 
Triton X-100; PromegaVwell. Twenty pi of lysate was used for Luc assay 
using reagents supplied by Promega and a Luminometer 2010 (Analy- 
tical Luminescence Laboratories, San Diego, OA). 

Animal Procedures — ^Ib induce hypothyroidism, 8-week-old male 
mice of the CD-I strain (body weight 30 g) were fed libitum a diet 
containing no iodine and supplemented with 0.16% propylthiouracil 
(Harland Tcklad Co,, Madison, WI). Ten days later, 6 mice were given 
tail vein ii^jections of 2 x 10* pfu of Ad5-tk-palx3'Luc and 6 mice were 
injected with the same amount of the control adenovirus, Ad5-tk-Luc. 
Half of the mice infected with each of the two adenovirus constructs 
were given 4 times the replacement dose (1.5 pg/100 g of body weight) 
of T3 by intraperitoneal ii\jection every 24 h for 4 days (+T3 group). The 
-T3 group of mice were iryected with the same volume of the vehicle 
(saline with 0.002% bovine serum albumin). Twelve hours after the 
fourth ii\jection, mice were killed by cardiac puncture under light me- 
thoxyflurane anesthesia. Serum was analyzed for T, and th3rroxine 
content by standard radioimmunoassays. Pieces of liver, kidney, and 
lung were removed and homogenized in four volumes/weight of lysis 
solution. After removal of cell debris by centrifugation, Luc activity was 
measured in 20>pl alicjuots of the supernatant (4 mg of tissue). 

RESULTS 

Recombinant Adenovirus — ^The construction of the recombi- 
nant adenovirus is depicted in Pig. 1, and details are given 
under "Experimental Procedures." Briefly, the Luc expression 
cassette, tk-TREpalx3-Luc-SV40poly(A), was cloned into the 
pAC plasmid (13, 14). The latter contains 0-17 map units (m.u.) 
of the adenovirus with deleted El region (1.3-9.1 m.u.). The 
resulting plasmid waa transfected into 293 cells (10) together 
with the plasmid pJM17 (11), which contains the entire adeno- 
virus sequence interrupted by the pBHX sequences at 3.7 m.u. 
This insertion increases the size of pJMl? to 40 kilobase pairs, 
exceeding the packaging limit of the adenoviral particle. Ho- 
mologous recombination of the two plasmids produces the re- 
combinant adenovirus, Ad5-tk-palx3-Luc (approximately 36 ki- 
lobase pairs in length), in which the El region is replaced by 
the Luc expression cassette. Deletion of El region preserves the 
ability to infect but not to replicate, so that propagation can 
occur only in 293 cells that provide the El region. The same 
recombinant adenovirus without the TREpal sequences (Ad5- 
tk-Luc) was also constructed. 

Characterization of the Recombinant Adenoviruses in Cell 
Culture— The rat pituitaiy tumor (GH) cell line, which is abun- 



dant in thyroid hormone receptors, was infected with Ad5-tk- 
palx3-Luc at a m.o.i. of 5. As shown in Fig. 2A, Luc gene ex- 
pression was down-regulated by 2-fold in the absence of T3 
compared to the level of expression in the presence of 0.1 nM T3, 
which is slightly less than the normal physiologic T3 concen- 
tration of 0.2 nM. A 2-fold increase was achieved with 1 nM Tg, 
5-fold the normal physiological concentration. The overall in- 
crease of Luc expression over the range of Tg added to the 
medium was 8.0 ± 0.3-fold (mean ± S.D.). Infection with the 
control adenovirus Ad5-tk-Luc showed a small degree of sup- 
pression with 10 nM T3. This indicates that the promoter ele- 
ment of Ad5-tk-palx3-Luc can be regulated by the endogenous 
thyroid hormone receptors. A similarly infected human hepa- 
toblastoma (HepG2) cell line was down-regulated by approxi- 
mately 2-fold in the absence of RA as compared to the expres- 
sion observed with the physiological concentration of RA of 10 
nM (Fig. 2B ). Up-regulation was achieved with increasing con- 
centrations of RA with an overall response of 4.6 t 0.5-fold 
induction of Luc activity over the span of 0-1.0 piw RA. No 
significant change of Luc activity was observed when Ad5-tk- 
Luc-infected cells were treated with RA These results indicate 
that Ad5-tk-palx3-Luc can be also regulated by the endogenous 
RA receptors, which are present in large numbers in HepG2 
cells. In CV-1 cells, which are relatively poor in thyroid hormone 
and RA receptors, both hormones increased Luc activity by only 
50% (data not shown). Since a broad spectrum of cells can be 
infected with the adenovirus, our recombinant adenovirus 
could provide a means to analyze the function of endogenous 
thyroid hormone receptors or RA receptor in various experi- 
mental systems. 

In Vwo Regulation of AdS'tk-palxS-Luc — ^Adenovirus in- 
jected intravenously into mice is incorporated principally into 
liver (15). Normal, untreated mice were injected with 2 x 10' 
pfu of Ad5-tk-palx3-Luc, and various organs were harvested 4 
days later and then assayed for Luc activity. Liver demon- 
strated the highest Luc activity, which was greater than 5,000 
relative light units/mg of tissue. Other organs such as lung or 
kidney were also tested, but Luc activity was on the average 
174 and 97 relative light units/mg with a background of 30. 
Immunohistochemistry of liver sections from a mouse injected 
with Ad5-tk-palx3-Luc showed a relatively homogeneous dis- 
tribution of Luc primarily in liver parenchymal cells (data not 
shown). 

Tci determine whether hormonal modulation of reporter gene 
expression could be achieved in vivo, the level of thyroid hor- 
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Fig. 3. Effect of an Luc activity in liver of mice infected with 
Ad6-tk-palx3-Luc. Hypothyroid mice were iiyected intravenously with 
2 X 10* pfu of Ad5-tk-palx3-Luc {filled bars) or the control adenovirus, 
Ad5-tk-Luc (open bars). Half of the animals infected with each adcno> 
virus vector were then injected for 4 days with 0.45 pg of T3 daily, while 
the other half were iivjected with the vehicle alone. Tg concentrations in 
serum (A) and luciferase activities in liver homogenates (B) are ex- 
pressed as mean ± S*D. 

mone was reduced in mice by feeding a low iodine, propylthio- 
uracil-containing diet for 10 days. The animals were subse- 
quently injected intravenously with Ad5-tk-Luc or Ad5-tk- 
palx3-Luc. Thereafter half of the mice from each group were 
injected intraperitoneally with 4-fold the maintenance dose of 
Tg for 4 days (+T3), while the other received the vehicle only 
(-Ta). The resulting serum T3 levels were approximately 50- 
60% lower in -Tg group and 2-3-fold higher in +T3 group, re- 
spectively, when compared to the mean value of 135 ng/dl in 
untreated mice (Fig. 3A), As shown in Fig. 3B, T3 administra- 
tion resulted in the 4.2-fold stimulation of Luc gene expression 
in mice infected with Ad5-tk-palx3-Luc ip < 0.005). In contrast, 
T3 administration had no significant effect on Luc gene expres- 
sion in mice infected with the control adenovirus, Ad5-tk-Luc 
(Fig. 3B). These results indicate that expression of artificial 
gene introduced by recombinant adenovirus can be regulated 
by Tg via the endogenous thyroid hormone receptor in mouse 
liver and that a thjnroid hormone-responsive element is re- 
quired to mediate the T3 action. 

DISCUSSION 

, The replication-defective adenovirus provides an effective 
mean to transfer genes into non-proliferating cells in vitro and 
in vivo. Recent efforts to exploit the adenovirus as a vehicle for 
gene therapy have focused on the achievement of high levels of 
gene expression through inclusion of a strong promoter and by 
the delivery of a high infection dose. However, as the spectrum 
of potential therapeutic substances expands, overexpression of 
some genes may prove to be as harmful as the ineffectiveness 
of underexpression. Thus, an effective method to control the 
level of expression of transferred genes could have a practical 
application. 

In this study, we tested whether the expression level of an in 
vivo transferred gene can be regulated by simple physiological 
means. Since a large portion of intravenously injected adeno- 
virus is incorporated into liver and because liver is an impor- 
tant target organ for thyroid hormone action, we tested 
whether a recombinant adenovirus containing a thyroid hor- 
mone-responsive promoter could be regulated by endogenous 
thyroid hormone receptors in liver and within the a reasonable 
range of T3 concentrations that can be achieved in vivo. Indeed, 
thyroid hormone in concentrations overlapping the physiologi- 
cal range could regulate the expression of a transferred gene in 
adult mouse liver (Fig. 3). The current experiment provides a 
model for controlled expression of transferred gene by adeno- 
virus. It is expected that T, would have the same effect in other 



tissue; however, because of the low level of infection, as well as 
lower levels of endogenous thyroid hormone receptors, this 
could not be tested. Tissue-specific regulatory element might be 
advantageously exploited if expression of a delivered gene 
could be limited to a particular tissue. Another possibility is the 
co-infection of regulator gene together with cognitive respon- 
sive promoter. Such a system is expected to provide a wider 
range of control for the expression of a therapeutic gene. 

The recombinant adenovirus containing a thyroid hormone/ 
retinoic acid response element can be also used to analyze the 
action of thyroid hormone and retinoic acid. Both hormones 
play an important role in development and differentiation. The 
studies on the action of these hormones has been limited by the 
complexity of natural responses, lb overcome this problem, 
recent studies have utilized reconstituted systems in which 
these hormone receptors are overexpressed by co-transfection 
with a reporter gene (16-19). While reconstituted systems al- 
low a more detailed analysis of hormone receptor function, they 
give a distorted view of the physiology of hormone action. The 
uniform adenovirus-mediated delivery of reporter genes allows 
examination of tissue responses mediated by their endogenous 
receptors under physiological conditions. Recent reports sug- 
gest that such systems can be effectively exploited. De Luze et 
al (20) were successful in demonstrating the effect of thyroid 
hormone on gene transcription during regression of the Xeno- 
pus tadpole tail by direct injection of reporter plaamids into 
muscle. Others (21, 22), utilized the adenovirus to transfer 
androgen-responsive reporter genes into skin fibroblasts in cul- 
ture. Our demonstration that a reporter gene can be introduced 
efficiently by simple means into adult animal tissues and that 
it responds to physiological concentrations of hormones pro- 
vides the opportunity to study thyroid hormone and retinoic 
acid action in various experimental systems. This system 
would be of particular value in the in vivo study of tissue 
responses in animals with receptor gene knockouts (23) or in 
transgenic mice expressing mutant receptors (24), which exert 
dominant negative effect on endogenous receptors. 
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Abstract 

Colorectal carcinoma (CRC) remains a significant medical challenge with an expected 350000 new cases per year. 
Although the primary cancer can be successfully controlled by surgical resection, metastatic disease to the liver is 
the most common demise of the CRC patient. New innovative approaches must be developed for the treatment of 
CRC hepatic metastasis if the overall 2- and S-year survival rates and quality of life assessments are to improved. 
We now describe an innovative gene therapy approach for the treatment of metastatic CRC, an approach called 
VDEPT. In this approach, an artificial chimeric gene is created which consists of two components: (1) the 
transcriptional regulatory sequence (TRS) of the human carcinoembryonic antigen gene (CEA); and (2) the 
protein coding domain of the nonmammlian cytosine deaminase gene (CD). This artificial gene will express CD 
only in cells which naturally express CEA. Expression of CD in CEA-positive cells is, by itself, nontoxic. However, 
CD can convert the nontoxic prodrug, 5-fluorocytosine (5-FCyt), to the toxic anabolite, 5-fluorouracil (5-FUra). 
Hence, the toxic compound, 5-FUra, will be selectively produced in cells which express CD. Since expression of CD 
is restricted to CEA-positive cells, 5-FUra will be selectively produced in CEA-positive cells. Hence, tumor-specific 
expression of CD permits the tumor-specific production of 5-FUra at high concentrations for extended periods of 
time directly at the tumor site. The artificial, chimeric gene can be delivered to CEA-positive tumors via a 
replication-defective retroviral vector. Chimeric genes composed of the human CEA promoter and the coding 
sequence of CD were created and engineered into a retroviral gene delivery vector. These chimeric genes 
selectively expressed CD in CEA-positive cells which resulted in the selective conversion of 5-FCyt to 5-FUra in the 
CEA-positive tumor cells. Human tumor xenografts demonstrated that expression of CD in solid tumors can 
generate complete cures if only 4% of the solid tumor cell mass expressed this enzyme. In vivo gene transfer has 
indicated that retroviral vectors can delivery and express CD chimeric genes in liver tumors at this 4% level. 
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Abbreviations: AFP, fl-fetoprotein protein; CD. cytosine deaminase; CEA, carcinoembryonic antigen; CRC, colorectal carcinoma; 
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1. Introduction 

1.1. Background 

Colorectal carcinoma (CRC) is the second 
most common cancer in the US, with an esti- 
mated 160000 new cases per year (120000, colon; 
40000, rectum) (for reviews of CRC and current 
treatment modalities, see Refs. [1-6]). For the 
combined populations of the USA, UK, Japan, 
France, Germany, Italy, and Spain, 340000 new 
cases per year are expected. In 1992, it was 
estimated that there were 768000 prevalent cases 
of CRC in the US. To treat this disease, $1.1 
billion dollars was allocated in 1992 which is 
estimated to grow to 2,3 biUion by the year 2007. 
Standard staging of the disease is by the Dukes' 
classification system which assess the penetration 
into the bowel wall, regional lymph node in- 
volvement and the presence of overt metastatic 
disease. Surgical resection of the primary tumor 
is a curative procedure for patients diagnosed 
with very early disease. However, most patients 
are diagnosed with Dukes Stage B and C disease 
where there may be penetration into the bowel 
wall and regional lymph node involvement in- 
dicating the presence of metastatic disease. Due 
to regional blood flow, the liver is the most 
common site for distant metastasis and, in ap- 



proximately 30% of patients, the sole site of 
tumor recurrence after successful resection of the 
primary colon tumor. 

The single most active agent against metastatic 
CRC is 5-FUra, even though the response rates 
are usually less than 20%. Combination therapy 
with leucovorin or levamisole, and hepatic arteri- 
al infusion of drugs have increased response 
rates, and in some instances, have increased the 
2-year survival rate. Due to the late-stage diag- 
nosis of the diseiise (at Dukes Stage B and C) 
and the general lack of efficacy of conventional 
chemotherapeutic treatment, hepatic metastasis 
are the most common cause of death in the 
colorectal cancer patient. New innovative ap- 
proaches must be developed for the treatment of 
CRC hepatic metastasis if the overall 2- and 
5-year survival rates and quality of life assess- 
ments are to improve. 

We now describe an innovative approach for 
the treatment of hepatic metastasis of CRC 
called Virus-Directed Enzyme Prodrug Therapy 
(VDEPT), 

12. Rationale of VDEPT 

We have been developing a gene therapy 
approach for the treatment of solid tumors that 
exploits the transcriptional differences between 
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normal and tumor cells (for sunmiaries see Refs. 
[7-12]). This approach, which we call VDEPT, 
links the transcriptional regulatory sequences 
(TRS) of a tumor-associated marker gene, such 
as carcinoembryonic antigen (CEA), to the cod- 
ing sequence of a nonraammalian enzyme, such 
as cytosine deaminase (CD), to create an artifi- 
cial chimeric gene that is selectively expressed in 
cancer cells. This selective expression creates a 
qualitative biochemical difference between nor- 
mal and neoplastic cells that can be exploited to 
locally activate prodrugs to toxic metabolites 
directly at the tumor site. 

For the appUcation of VDEPT to metastatic 
CRC, the artificial, chimeric gene is composed of 
the CEA TRS linked to the coding sequence of 
the CD gene (Fig. 1), This chimeric gene will 
result in the tumor-specific expression of CD 
which can subsequently convert the nontoxic 
prodrug, 5-FCyt, to the toxic anabolite, 5-FUra. 
The chimeric gene will be delivered to the 
metastatic tumors via a viral vector through a 
hepatic arterial infusion. This approach may be 
significantly better than the direct administration 
of 5-FUra since VDEPT allows extremely high 
concentrations of 5-FUra to be maintained for 
extended periods of time (C X T) selectively at 
the tumor site. 



28 L 

13, Features and selectivity of VDEPT for 
metastatic CRC 

The attractive features of this novel treatment 
approach summarized as follows: 

LIL 5-FCyt 

The prodrug, 5-FCyt, is an approved drug with 
an excellent pharmacokinetic profile. 5-FCyt (4- 
amino-5-fluoro-2-pyrimidone;) was approved in 
1972 for the treatment of Candida and 
Cryptococcus and is marketed under the trade 
names Ancobon (US), Ancotil (Europe; 
Canada) and Alcobon (UK). The following is a 
summary of 5-FCyt pharmacokinetic data in 
man: 

Rapidly and ahnost completely absorbed follow- 
ing oral administration (80-90% bioavailability); 
Negligible binding to serum proteins, extensively 
distributed in tissues, penetrates the blood brain 
barrier, and is excreted via the kidneys by means 
of glomerular filtration without significant tubu- 
lar reabsorption; 

Not significantly metabolized with greater than 

92% of intact drug being recovered in the urine; 
T^f2 is approximately 4.2 h in normal subjects. 
The T^,2 is significantly prolonged in the pres- 



Hepatocyte Metastatic Colorectal Cell 




Fig. 1. Schematic representation of selective expression of the chimeric CEA/CD gene in metastatic CRC cells. After expression 
of the chimeric gene, treatment with 5-FCyt leads to cell death as the result of metabolism of 5-FCyt to 5-FUra by CD. 
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ence of renal insufficiency (average r,;2 in anuric 
patients is 85 h). The mean blood concentration 
is approximately 80 /ig/ml (630 /xM) at 1-2 h in 
patients who received a 6 week regimen of 5- 
FCyt (150 mg/kg per day); 
Usual dosage is 50-200 mg/kg/day up to 8 
weeks. No adverse effects were observed in 
Cebus monkeys given 400 mg/kg per day for 13 
weeks. In man, hematological toxicity can occur 
when blood concentrations are maintained above 
110 //^g/ml, presumably due to the deamination 
of 5'FCyt to 5-FUra by entrobacilli of the gut 
flora. Toxicity may be lessened and controlled by 
assessment of microflora composition and pre- 
treatment with antibiotics. 

13.2. S^FVra 

The toxic anabolite» 5-FUra, is the drug of 
choice for CRC [1-6]. 5-FUra can readily diffuse 
by nonfacihtated diffusion into neighboring cells 
[13]. The levels of 5-FUra can potentially be 
modulated by uracil reductase inhibitors [14]. 



only be expressed in the CEA-positive CRC 
tumor cells. 



2. Results and discussion 

2, U Cytosine deaminase cloning, sequencing and 
analysis 

The gene encoding cytosine deaminase (CD) 
was cloned from E. coU. (Fig. 2). DNA sequenc- 
ing identified the exact location of the open 
reading frame encoding the entire 427 amino 
acids of the CD enzyme. This DNA sequence 
was confirmed by purifying the CD enzyme and 
determining the amino acid sequence. The 
purified enzyme was also used for production of 
polyclonal antibodies to CD, and kinetic studies. 
The of CD for Cyt and 5-FCyt is 220 and 
1700 yLiM, respectively. 

Site-directed mutagenesis was used to change 
the start codon of the CD gene from GTG to 



1.33. CEA expression 

CEA is expressed in an overwhelming majori- 
ty of CRC, with higher expression in metastatic 
tumors. There is little heterogeneity in CEA 
expression among metastatic CRC tumor cells 
(for reviews, see Refs. [15-18]). 

13.4. Selectivity 
Selectivity is achieved by: 

(1) Selective perfusion: Since primary and meta- 
static tumors in the liver receive a significant 
portion of their blood supply via the hepatic 
artery, the gene delivery vector containing 
the chimeric gene will be infused into the 
liver via the hepatic artery; 

(2) Selective infection: Initial clinical studies will 
use replication-defective retroviral vectors as 
the gene delivery vehicle. Since retroviral 
vector integration and expression is pre- 
dominately limited to dividing cells, the 
retroviral delivery vector will integrate the 
chimeric gene selectively in the dividing 
tumor cells rather than the nondividing nor- 
mal hepatocytes; 

(3) Selective expression: The chimeric gene will 



E. CO//X phage Library 



Cod AB deletions "^^-^ 



pyr F deletions 




VERinCATlON 
1) Enzymatic 
2} Protein purification 
and sequencing 



^Ite-Oirected Mutagenesis 
(GTG-»ATG) 



Protrtn ExpTwion 
t) po^AB 

2) MAB 

3) enzyme kinetics 



\ 



Eukatyotic Expre— ion Vector 

CMV/CO 



VDEPT 

1) CEA/CD (colon, lung, pancreas. breast.slomach} 

2) AFPyCD (hepatoma) 

3) CgAA<DOung) 

4) CMV/CD (non-specific) 

Fig. 2. Cloning and use of ihc cyiosine deaminase j^cnc. 
Bacterial strain BlOlO was created to clone the gene encod- 
ing cytosine deaminase (CD). Once cloned the gene was 
entirely sequenced to locate the open reading frame encoding 
the CD protein. The gene was confirmed by enzymatic 
acliviiy and protein sequencing. Site-directed mutagenesis 
was performed to enhance expression in mammalian cells. 
The CD protein was utilized to produce poly and mono 
clonal antibodies and enzymatic studies. The CD gene was 
placed into a eukaryolic expression vector for efficacy 
studies. For VDEPT Clinical Studies, the CD gene is ex- 
pressed from lumor-spccific promoters (CEA. AFP). 
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ATG for enhanced expression in mammalian 
cells (for review, see Ref. [7]). 

22 In vitro cytotoxicity of CDIS-FCyt 

The CD gene was placed into a eukaryotic 
expression vector to determine its utility in 
VDEPT. The average IC^q to 5-FCyt in 8 differ- 
ent human tumor cell lines in vitro was approxi- 
mately 13000 filA. When CD was expressed in 
these cells, the average IC50 to 5-FCyt shifted 
approximately 600-fold to 22 /xM (Fig. 3A-C). 
Expression of CD, by itself, did not change the 
growth characteristics of the human tumor cells if 
the prodrug was not administered. 

2.3. CEA promoter and CEAICD chimeric 
genes 

To achieve tumor specific expression of the 
CD gene, the human carcinoembryonic antigen 
(CEA) gene was cloned and the transcriptional 
regulatory sequence (TRS) identified. The 
human CEA gene was cloned and 14500 bp of 
the 5' region sequenced in both 5' and 3' 
directions. To identify the important cis-acting 
transcription regulatory sequences (TRS) con- 
tained in the 14500 bp, approximately 60 differ- 
ent regions were linked to a reporter gene and 
transfected into two CEA-positive cell lines and 
two CEA-negative cell lines (see Fig. 4). This 
analysis identified three important TRS regions 
which regulate CEA expression. The best combi- 
nations of these three regions resulted in report- 
er gene expression which was: 

Selective - 80-120-fold higher expression in 
huinan CEA-positive cell lines compared to a 
human CEA-negative liver cell line; 
Robust - 2-4-fold higher expression than an SV 
40 TRS and equal to a CMV TRS (for review, 
see Ref. [12]). 

Using combinations of the three important 
CEA TRS, 12 different CEAICD chimeric genes 
were made and stably transfected into 4-6 differ- 
ent cell lines (Table 1). CEA/CD chimeric genes 
were identified which gave the highest and most 
selective expression of CD from the different 




100 1.000 10.000 100,000 
Log 0090 (iiM) 



Q Human Cell Unas Type Parental Cells CD Expreaslpn 



WiOr 
NCIH 50a 

LoVo 
SW1463 

LSI 74 

HEP3B 
HuH7 
HEPQ2 



Colon 
Colon 
Colon 
Colon 
Colon 

Liver 
Liver 
Liver 



1 3,000 



22 



Fig. 3. (A) CD Expression does not intrinsically affect cell 
growth. (B) Log dose-response curve showing increasing 
sensitivity to 5-FCyt if the cells express CD. (C) Six human 
colon tumor cell Jiens and three human liver tumor cells are 
relatively insensitive to 5-FCyt. If CD is expressed in these 
cells, then the lCs„ shifts approximately 500-fold. 



CEA promoters. This analysis identified 4 CEA/ 
CD chimeric genes which are ideally suited for 
therapeutic purposes. These four different CEA/ 
CD chimeric genes produced high levels of CD 
enzymatic activity and shift in IC50 selectively in 
human CEA-positive colorectal cells compared 
to human CEA-negative liver cells (NB: greater 
than 1000-fold shift IC^^,\ Table 2). The nomen- 
clature for these four CEA/CD chimeric genes 
are: 113, 145, 165, and 176. The #145 CEA/CD 
chimeric gene was further quantitated for selec- 
tive expression of CD and selective activation of 
5FCyt (Table 3). 

2.4. Retroviral gene delivery vectors 

Three CEA/CD chimeric genes (113, 145, 
165) were engineered into a retroviral shuttle 
vector system, called the pLN vector system 
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Fig. 4. 



(provided by A.D. Miller, Fred Hutchinson Can- 
cer Research Center; Fig. 5). These three genes 
were engineered into the pLN vector system in 
two different orientations so that 6 retroviral 
shuttle vectors were made. "Reverse orienta- 
tion" produced the most selective expression. 
Based upon selective expression of the chimeric 



gene, 668W95UA is the retroviral vector in 
which all subsequent work was performed. These 
vectors were transfected into the retrovirus 
producer cell line PA317 (kindly provided by 
A.D. Miller, Fred Hutchinson Cancer Research 
Center). Virus producer cell lines were then 
single cell cloned (50 clones per vector) and the 
best clones identified (based on viral titer and 
CD gene expression). Titers of 1 X 10^ were used 
in all subsequent experiments. 

25. In vivo antitumor efficacy of CDI5-FCyt 

WiDr cells are a well differentiated human 
colon tumor cell line. WiDr cells or WiDr cells 
expressing CD (WiDr/CD) were injected s.c. 
into nude mice to generate human colon lumoi 
xenographs. When the tumors reached 1% of 
body weight (extrapolates to 750 g tumor burden 
in man), mice were treated with either 5FUra or 
5-FCyt. Despite the fact that WiDr cells are 
sensitive to 5-FUra in vitro (IC50 luM), there 
were no antitumor effects observed when 5-FUra 
was administered from 5 mg/kg (nontoxic) to 30 
mg/kg (LD90) for 10 consecutive days. How- 
ever, when 5-FCyt was administered for 10 
consecutive days, there was 100% regressions 
and 35% cures in WiDr/CD tumors with no 
observable animal toxicity or weight loss (Fig. 6). 
In subsequent experiments, cure rates of 100% 
were observed in WiDr/CD tumors if 5-FCyt 
dosing was extended (see below). 



Table 1 

to SFC to stably transfected cells 



IC50 5FC 

Bulk populations pCEA/CD- 





Parentar 


113 


105 


148 


136 


145 


177 


176 


167 


165 


171 


172 


I6H 


Hep 3B 


13604 + 2112 


10883 


9732 


3078 


10257 


13643 


11523 


14284 


10436 


12063 


14362 


15490 


11727 


HuH7 


14576 ±2498 


313 


101 


2119 


423 


3372 


918 


719 


1621 


3674 


6802 


6239 


7073 


WiDr 


13660 ±2iJ82 


223 




2498 


na 


461 


na 


na 


na 


1122 


1470 


711 


893 


UM> 


8675 127.-^! 


123 


na 


5042 


7544 


281 


7912 


776 


3106 


5315 


1281 


113 


678! 


SWI463 


4927 ±2563 


27 


30 


40 


na 


15 


na 


na 


na 


3123 


332 


1940 


3123 


NCI H508 


812*182 


2.7 


7.9 


775 


5.8 




K,9 


4.5 


5.6 


39 


20 


12 


40 



' Average standard error in all experiments. 
^ na. cell line not available. 
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Table 2 

IC,,> to 5-FCYT (/xM) 

Cells CEA CEA/CD genes Average 

level — 

113 154 165 176 

HEP3B - 10883 13643 12063 14284 12718 

HC1H508 + 2.7 <2 39 4.5 12 



CD activity (pmol/min per mg) 



Cells 


CEA 
level 


CEA/CD genes 










113 . 


145 


165 


176 


HEP 3B 

HaH508 




35 
900 


6 

19600 


15 
1690 


BT 
7100 



BT, below threshold. 



Table 3 

IC,„ and CD enzymatic activities of parental and pCEA/CD-145 stable cell liens 





CEA 


[C,„5FU 


CD 




IC,„5FC 




Ratio 




(ng/mg) 




(pmol/min per mg protein) 


(mM) 




IC,„ 5FC 




protein per 7 days) 


Parental 










Parental/ 




Parental 




Parental 


pCEA/CD- 


P^ental" 


pCEA/CD- 


pCEA/CD- 










145 




145 


145 


HEP 3B 


BT* 


1.2 


BT 


20 


14336 


13643 


1 


HuH7 


BT 


2.5 


BT 


660 


13079 


3372 


4 


WiDR 


50 


0.8 


BT 


540 


12509 


461 


27 


LoVo 


745 


0.2 


BT 


1580 


7510 


281 


27 


SW1463 


640 


0.2 


BT 


1620 


2364 


15 


158 


NCI H508 


4556 


0,1 


BT 


23980 


516 


<2 


>258 



" BT, below threshold, not detectable. 

"Value obtained in experiment with pCEA/CD-145. 



2.5. Mechanism of action of CDIS-FCyt 

The mechanism of action was determined for 
the antitumor effects of the CD/5-FCyt enzyme/ 
prodrug combination (Fig. 7). 

1, Dose response effect of S-FCyt: Nude mice 
growing WiDr/CD-derived tumors were 
treated with various doses of 5-FCyt. A dose 
response was observed with antitumor activity 
demonstrable down to 15 mg/kg (Fig, 8). 

2. Conversion of 5-FCyt to S-FUra: WiDr/CD 
cells growing in vitro or as tumors in nude 



mice converted 5-[6-'^H]FCyt into 5-FUra and 
subsequent 5-FUra anabolites. Importantly, 
the 5-FUra that was produced intracellular 
diffused out of the cells (Fig. 9). 

3. Inhibition of thymidylate synthase: 5-FCyt 
caused a dose dependent inhibition of thy- 
midylate synthase in WiDr/ CD tumors. Inhi- 
bition was proportional to the IC50 (Fig. 10). 

4. Incorporation into RNA: WiDr/CD tumors in 
nude mice showed significant incorporation of 
radioactivity into RNA when mice were dosed 
with 5-[6-^H]FCyt. No significant incorpora- 
tion was found in 6 internal organs. 
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Fig. 5. Retroviral vectors containing CEA /CD chimeric genes. 



5, Concentration X time (CxT): The reason 
that the VDEPT CD/5-FCyt combination is 
significantly more effective than administering 
5-FUra directly (see Fig. 6) is due to the fact 
that with VDEPT, very high concentrations of 
5-FUra can be selectively produced at the 
tumor site and maintained for extended 
periods of time. In the WiDr/CD tumor 
model described above, greater than SOOuM 
5-FUra is selectively produced in the tumor 
cells and this high level can be maintained for 
at least 2 hrs (Fig. 11). This high level of 
5-FUra will diffuse by nonfacilitated diffusion 
into adjacent tumor cells to kill them and 
become inactivated in normal hepatocytes by 
the high uracil reductase levels in the liver 
cells. 

27. Required gene transfer efficiency - the 
bystander effect 

It is recognized that for all gene transfer 
systems for in vivo gene delivery, only a small 
percentage of tumor cells will actually take up 
and express the artificial, chimeric gene. Due to 
the very high concentrations of 5-FUra produced 



selectively al the tumor site, and the nonfacili- 
tated diffusion properties of 5-FUra, we hypoth- 
esized that only a very small percentage of tumor 
cells need express the CD gene for significant 
antitumor effects. 

WiDr/CD cells incubated with 5'[6'-H)FCyt 
liberated 5-FUra into the media indicating that 
5-FUra produced in the tumor cells can readily 
diffuse by nonfacillitated diffusion. The diffus- 
able 5"FUra killed neighboring cells which did 
not express the CD gene. 

WiDr and WiDr/CD tumor cells were mixed 
together in different ratios and injected s.c. into 
nude mice. Hence, tumors that arose contained a 
specific percentage of tumor cells expressing the 
CD gene. Performing CD enzymatic assays on 
these tumors confirmed that the tumors were 
comprised of cells which were reflective oi the 
original injected mixture. 5-FCyl treatment re- 
sulted in 100% tumor regressions if the tumors 
contained only 2% of the tumor cells expressing 
the CD gene. 100% regressions and a 66% cure 
rate was observed if the tumors contained only 
4% of the tumor cells expressing the CD gene 
(Fig. 12). 
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Fig. 6. Comparison of FUra and FCyt antitumor activity in WiDr- and WiDr/CD derived tumors in nude mice. 



2.8, Comparison to HSV TK I ganciclovir 

The HSV TK/ganciclovir enzyme prodrug 
combination has received considerable attention 
and is being used in clinical trials. Direct com- 
parison to the CD/5-FCyt combination has 
shown that HSV TK/ganciclovir combination: 



has less of a therapeutic window between toxicity 
of the prodrug (ganciclovir) and toxic metabolite 
compared to the CD/S-FCyt combination; 
is less efficacious at producing a neighboring 
killing effect than the CD/5-FCyt combination 
(i.e. 50% of the tumor had to express HSV TK 
to achieve tumor regressions comparable to 
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Fig. 7. Mechanism of action. 




regressions observed when only 4% of tumor 
expressed CD). 

Interactions with 5-ethynyluracil 

5-Ethynytaracil (5-EU, 776C85) is a potent 
inactivator of uracil reductase. Uracil reductase 
catabolizes 5-FUra to 5,6,dihyrouracil which ulti- 
mately generates fluoro-^S-alanine, a potentially 
neurotoxic catabohte (see Fig. 7). 776C85 
dramatically increased the levels of uracil, 5- 



FUra, and eliminated the levels of fluoro-)3- 
alanine when WiDr/CD cells were incubated in 
the presence of 5-FCyt. 776C85 potentiated the 
antitumor effects of 5-FCyt when WiDr/CD 
tumor bearing animals were treated with both 
776C85 and 5-FCyt. 

2A0, Retroviral gene delivery to tumors in situ 

Central to the cHnical success of this 
VDEFT approach is the ability of retroviral 
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Fig. 9. Metabolism of 5-[6-'H]FCyt in WiDr and WiDr/CD cells. (A) In cell extracts. (B) In cell conditioned media. 



vectors to deliver the CEA/CD chimeric 
gene to approximately 1-5% of the tumor 
mass. Data indicates that this efficiency is 
achievable. Direct intralesional injections into 
liver tumors of retroviral vectors containing a 
CD chimeric gene indicated that gene trans- 
fer efficiency was at least 5% of the tumor 



mass. Direct hepatic infusion of retroviral 
vectors via the hepatic artery strongly sug- 
gested that uptake and expression in liver 
tumors was at least 5% of the tumor cells 
while expression in normal hepatocytes was 
undetectable. These studies are being ex- 
panded in rodents and woodchucks to more 
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Fig. 10. TS activity in WiDr and WiDr/CD cells treated with 5-FUra or 5-FCyt. 
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Fig. 11. Conversion of SFCyt to 5FUra in tumor samples. 5-FCyl and 5-FUra detected in tumor extracts in mice treated with 
5-FCyt. Mice contained either WiDr-derived or WiDr/CD derived tumors. At 30, 60, 90, or 120 min after 5-FCyt treatment, 
tumors were removed and tumor levels of 5-FCyt and .5-FUra were determined. 
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Fig. 12, WiDr and WiDr/CD cells were mixed together at the indicated ratios and injected S.C into nude mice. (A) Tumor 
weights in untreated animals. (B-E) Growth rates for tumors composed of the indicated ratios. (O) Untreated animals. (A) 
5-FCyt treated animals. {■) Average tumor growth rate for all the tumor mixtures in untreated animals. 



accurately address the MOI to achieve a 5% 
tumor cell expression rate. 
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Targeting of Nonexpressed Genes in Embryonic Stem 
Cells Via Homologous Recombination 

Randall S. Johnson, Morgan Sheng, Michael E. Greenberg, 
Richard D. Kolodner, Virginl\ E. Papaioannou, 
Bruce M. Spiegelman* 



Gene targeting via homologous recombination-incdiated disruption in murine embry- 
onic stem (ES) cells has been described for a number of different genes expressed in 
these cells; it has not been reported for any nonexpressed genes. Pluripotent stem cell 
lines were isolated with homologously recombined insertions at three different lod: c- 
/oj, which is expressed at a low level in ES cells, and two genes, adipsin and adipocyte 
P2 (aP2), which are transcribed specifically in adipose cells and arc not expressed at 
detectable levels in ES cells. The frequencies at which homologous recombination 
events occurred did not correlate with levels of expression of the targeted genes, but 
did occur at rates comparable to those previously reported for genes that are actively 
expressed in ES cells. Injection of successftiUy targeted cells into mouse blastocysts 
resulted in the formation of chimeric mice. Ttiesc studies demonstrate the feasibility of 
altering genes in ES cells diat are expressed in a tissue-specific manner in the mouse, in 
order to study their function at later developmental stages. 



GEN£ TARGETING IN £S CELLS HAS 
been envisioned as a method for 
studying the effects of specific mu- 
tations in the mouse (1-4). Genes of interest 
would be altered by homologous recombi- 
nation-mediated disruption after DNA 
transfection of ES cells. These ES cell lines 
containing altered genes would then be used 
to create chimeric mice, tlwough injection of 
the cells into blastocysts. If the germ line is 
colonized by £S cells in chimeric mice, 
subsequent breeding would allow the gener- 
ation of mouse strains that are heterozygous 
or homozygous for the altered gene. This 
protocol appears feasible because of two 
advances: the development of techniques 
that allow the grovith and maintenance of 
blastocyst-derivcd cells (ES cells) in a pluri- 
potent state (5-7) and the ability to select for 
homologous rccombinadon-mediated gene 
replacement in mammalian cell culture (i, 
8-10). 

There have been suggestions that the fre- 
quency of a homologous recombination 
event may depend on the transcription rate 
of the gene concerned (3, P), although ex- 
periments with a human bladder carcinoma 
cell line indicated that homologous recom- 
bination at a nonexpressed locus' was possi- 
ble {10). If rates of homologous recombina- 
tion in ES cells are strongly correlated with 
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rates of expression, it might restrict gene 
targeting to those genes that arc expressed 
ubiquitously or are active in early develop- 
ment. We report here that two genes ex- 
pressed in aduk mouse adipose tissue, but 
not dctcaably expressed in ES cells, can be 
readily disrupted by homologous rccombi- 
nadon. 

The adipsin and aP2 genes arc both tran- 
scripuonaUy activated during adipocyte dif- 
ferentiadon (U-i4) and the mRNAs encod- 
ing the proteins arc expressed predominant- 
ly in adipose tissue in die mouse {15-17), To 
determine the relative expression of these 
mRNAs in ES cells, we performed Northern 
bloning with the ES parent eel! line CC1.2 
(5) and several subclones. No mRNA en- 



coded by cither of these genes could be 
detected, even on prolonged exposures of 
the autoradiographs (Fig, 1, B and C). In 
contrast, c-fos is expressed in these cells, 
albeit at a low level compared to the non e 
growth factor (NGF)-induccd PC- 12 cells 
(18) used as a control (Fig. lA). 

Gene targeting veaors (Fig. 2) were con- 
structed to permit die selection of gene 
replacement events by a procedure similar to 
that outlined by Mansour et al. (P), Vectors 
contained the thymidine kinase (TK) gene 
of herpes simplex virus (HSV)-l (19), The 
enrirc vector sequence is expected to be 
retained after random integration into tlic 
genome, making the cell sensitive to nucleo- 
side analogs, such as ganc)xlovir (20), 
dirough the action of the HSV-TK gene 
produa. Homologous recombination widi 
an endogenous sequence is expeaed to re- 
sult in the loss of nonhomologous se- 
quences, allowing the ceUs to retain their 
native resistance to gancyclovir (9, 20), Thus 
one can use gancyclovir to select against the 
presence of the f K gene product and in so 
doing sclea against random integrants and 
enrich for homologous recombinants. 

Neomycin-resistance gene (neo^) cassettes 
(J) were inserted into genomic clones so as 
to disrupt transcription or translation, or 
both, and render the genes dysflinaional. 
The neomycin-rcsistance marker also allows 
a positive genetic selection for cells that have 
stably incorporated the vector into ihe 
genome, through resistance to the dnig 
G418. The vectors were linearized and 
transfcctcd into ES cells by electroporation. 
After sclcaion with 04 18 and gancyclovir, 
colonics resistant to both dmgs were clonal- 
ly expanded, and DNA was isolated for 
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Flig. 1. Expression of c-j&i, adipsin, and aP2 mRNA in ES cells. Blors wcrcprobcd widi (A) c /w-, (B) 
adipsin (25)-, and (C) aP2 (25)-labclcd cDNAs. RNA was isolated as descnbed (25) and 10 p-g of total 
cytoplasmic RNA was loaded per lane. Electrophoresis, blotting, and probing was performed as 
p'rcviously described (25). Adipsin and aP2 blots were overexposed to show the lack of a signal from ES 
cell lincs.'(A) Lane 1, PC-12 cells stimulated by NGF for 30 min (positive control for c-Jos expression) 
{18)\ laitc 2, CC1.2, parent ES ecU line; lane 3, c-fis homologou.-* recombinant f-16; lane 4, adipsin 
homologous recombinant a- 16; and lane 5, al*2 homologous recombinant 8-3. (B) Lane 1, diifcrcntiar- 
cd 3T3-F442A adipocytes; lane 2, CC1.2; lane 3, f-16; lane 4, a- 16; and lane 5, 8-3. (C) Lanes were the 
same as in (B). 
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Plasmid 
sequence 



Southern blotting (Fig. 3). 

G418-resistant cells occurred at a relative- 
ly constant frequency among the different 
DNA constructs transfcacd (approximately 
0.1% of the transfectcd cells) (Table 1). The 
number of homologous recombinants, as 
determined by Southern blotting of geno- 
mic DNA, was bcn\xen 5 to 10% of die 
colonics resistant to both G418 and gancy- 
dovir, although the total number of doubly 
resistant colonics varied somewhat among 



Fig. 2 Transfcction vectors 
containing the disrupted c- 
fosy adipsin, and aP2 gene 
sequences, (A) The parent 
plasmid vertor U5cd to con- 
stmct all of the above vec- 
tors contained the Bam HI 
3.4-kb fragment of HSV-1 
and its TK gene cloned into 
the Nac I site of the pBlue- 
script SK{+) plasmid. The 
genomic sequences de- 
scribed above were cloned 
into die polylinkcr of diis 
plasmid. The neo'^ used for 
gene disniption was derived 
from the Xho I-Sal I frag- 
ment of pMCIneo/polyA+ 
(/). B, Bam HI; Bg, Bgl I; 
E, Eco RI; H, Hind III; N, 
Nco I; P, Pst I; Sm, Sma I; 
and Ss, Sst L The c-fos vec- 
tor was derived from Hind 
ni-Bam HI genomic frag- 
ment containing c-fos. The 
asterisk indicates the geno- 
mic sites that were lost dur- 
ing cloning into the plasmid 



construas. Rates of homologous recombi- 
nation, expressed as the number of homolo- 
gous recombinants over the number of sta- 
bly transfectcd (G418-rcsistant) ccUs, were 
5 X 10^' for c-fos, 4x10"^ for adipsin, and 
3 X 10""* for aP2. Although these rates arc 
based on a relatively small number of recom- 
binants (15 in all), they arc all comparable to 
those for an expressed gene [that is, 10~^ to 
2.5 X 10"' for hypoxanthine-guaninc phos- 
phoribosyl-transfcrasc (HPRT)] (1). 
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vcaor. The c-fos gene was interrupted by insertion of the neo^ cassette at a Bgl I site in die first cxon. 
Before transfcction the vector was linearized at a unique Not I site in the plasmid polylinkcr, with 
linearization giving the orientation shown at the top of the figure. (B) The adipsin vcaor was derived 
by Bal 31 digestion of an Eco RI genomic fragment. The adipsin gene was interrupted in the third exon 
at a unique Sma I site and linearized and transfcaed as above. (C) The aP2 vector was derived from a 
4.5-kb Bam Hl-Sst I genomic fragment. The aP2 gene was interrupted after the transcription start site 
and before a translation start site at a Pst I site. 



The ES cell Unes with genes targeted by 
homologous recombination were anal)'7X:d 
for expression of adipsin, aP2, and c-fos 
mRNAs to ensure that the selection process 
did not enrich for cells with aberrant pat- 
terns of expression for those genes. The 
targeted cell lines and the parent cell line 
have very similar patterns of expression for 
the three genes, with no evidence of adipsin 
or aP2 mRNA (Fig. 1, lanes 2 to 5). 
Although the possibility caiHiot be ruled out 
that aP2 and adipsin arc transcribed at very 
low levels (21), they appear to be good 
examples of genes for which no expression is 
anticipated or detected in ES cells. There is 
no reason to suspect that targeting these loci 
is any more or less difficult than targeting 
other loci not dctcctably expressed in these 
cells. This belief is supported by two obscr- 
vadons: (i) the rates of homologous recom- 
bination for aP2 and adipsin are comparable 
to reported rates of recombination for other, 
expressed genes (?» 9, 22, 23), and (ii) we sec 
no obvious relation between expression and 
targeting rates for a transcribed gene (c-fos) 
and for two genes not detectably expressed 
in our experiments. 

Chimeric mice have been derived in out- 
bred (GDI) or inbred (C57}^L/6J, AG/ 
CamPa) mouse strains, or both, with sepa- 
rate ES cell lines containing disrupted aP2, 
adipsin, and c-fos genes; the parent cell line 
and the clones used to make these mice were 
karyotyped to ascertain stable, diploid chro- 
mosome numbers. The mice arc now being 
bred to ascertain germ line transmission of 
the altered genes (5). Tlie ability of the cells 
to contribute to tissue formation in chimeric 
mice indicates that the cells have retained 
pluripotency during the selection process 
(5-7). 



• 16 



Fig, 3. Identification of ES clones with homolo- c-/05 
gously rccombincd insertions by DNA blotting. ^am HI Ssl I 

£S cell lines resistant to both G4 1 8 and gancyclo- t 2 
vir were selected a.^ described in Table 1. DNA 
from cell lines was isolated, digested with restric- 
tion enzymes, blotted, and probed as described 
(25). The asterisk indicates bands generated by 
homologous recombination events. Numbcn re- 
fer to lulobasc pairs of DNA. Lanes 1 and 2, 
DNA from the c-fos homologous rccombuiaiit f- 
16 probed with the c-fos genomic sequence be- 
tween the Bgl I site in the first exon and the Sph I 
site in the third in tron. Lancl, Bam HI digestion. 
Lane 2, Sst I digestion. Lone 1 shows the i6-Vb '^^S^jfj^- ^3 5* 
fragment resulting from the hybridization of the 
probe with the unaltered copy of the gene and the 

3.5-kb fragment resulting from the clcavag;c within the gene as a result of a 
site in the neo^ Lane 2 shows the unaltered fragment at 3.5-kb as well as the 
1.2-kb larger fragment at 4.7 kb engendered by die neo' cassette. Lanes 3 and 
4, DNA from the adipsin homologous recombinant clone a- 16 probed with 
adipsin cDNA (25). Lane 3, digested with Hind 111. Lane 4, digested with 
Sst I. In both lanes the lower band corresponds to the remaining copy of the 
endogenous gene; the upper band is the same fragment plus the 1.2-kb neo' 
insertion. In lane 3 the unaltered fragment is at 10 kb and the gene plus the 
neo^ inseitiun is 11.2 kb. In lane 4 the unaltered gene is at 16.5 kb and die 
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gene plus insertion is at 17.7 kb. Lanes 5 and 6, DNA from ihc aP2 
homologous recombinant done 8-3 probed with aP2 cDNA (25). Uuie 5, 
digested with Nco I. Lane 6, digested with Sst I. The Nco I fragment is split 
because of an Nco I site in nco\ giving the 3.8-kb and 8.3-kb fragments. The 
ILkb fragment corresponds to the remaining unaltered copy of the gene. 
Lane 6 shows the endogenous Sst 1 fragment at 7.4 kb plus a L2-kb larger 
fragment at 8.6 kb containing the uco^ insertion. Blots were also probed with 
the neo^ sequence to confirm that the homologous recombinant bands 
contained neo' cassette insertions (data not shown). 
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The three genes wc have targeted in these 
experiments arc likely to be important in 
mouse development and physiology, but 
their functions remain undefined genetical- 
ly. The adipsin gene cncxxlcs a serine prote- 
ase with complement faaor D aaivity and 
has links to systemic energy balance and 
obesity (IS, 24)\ the aP2 gene product is an 
adipocyte-specific fatty acid binding protein 
(25-27) whose precise role in physiology is 
unknown. The c fos proto oncogene is in- 
volved in the regulation of gene transcrip- 
tion {28, 29)^ and disruption of this gene 
may have numerous effects on cell function. 
The analysis of die phcnotypic cffca of 
disruption of these three genes should lead 
to a greater understanding of their function 
in the organism. 

It is probable that many factors are in- 
volved in determining the frequency at 
which detectable homologous recombina- 
tion occurs at a given genetic locus (2, 3). 
Our data» however, demonstrate that it is 
feasible to target genes not expressed in £S 



cells in order to study their funaion in 
mouse development and physiology. 
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Foregut Fermentation in the Hoatzin, 
a Neotropical Leaf-Eating Bird 

Alejandro Grajal, Stuart D. Strahl, Rodrigo Parra, 
Maria Gloria Dominguez, Alfredo Neher 



The only known case of an avian digestive system with active foregut fermentation is 
reported for the hoatzin (Opisthocomus hoazin), one of the world's few obligate 
folivorous (leaf-eating) birds. Hoatzins are one of the smallest endotherms with this 
form of digestion. Foregut fermentation in a flying bird may be explained by increased 
digestive efficiency by selection of highly fermentable and extremely patchy resources, 
coupled with microbial nutritional products and secondary compound detoxification. 
This unexpected digestive system gives a new perspective to the understanding of size 
limitations of vertebrate herbivores and to the evolution of foregut fermentation. 



Table 1. Rates of homologous recombination 
after double drug selection. Electroporations were 
performed with the linearized vector described in 
Fig. 2. The data arc pooled from several transfec- 
dons. ES cells were grown in Dulbccco's modified 
Eagle's medium (DMEM) with 15% fetal bovine 
scrum (FBS) and 0. 1 mM 2-mcrcaptocthanol on 
gamma- irradiated (4000 rads) Sto feeder layers 
made G418-resistant by transfcction widi the 
vector p$V2nco. Cells (2 X 10') in 1 ml of 
medium were cLectroporated at 750 V/cm in 
DMEM and FBS with vcctjor DNA at 1 oM. 
These ceils were plated out on G418-rc$i$tant 
feeder layers. The number of viable cells 24 hours 
after electroporation was always between 40 to 
60%. At 36 hours after transfcction, G418 (100 
M-g/ml) and gancyclovir (2 \lM} were added. After 
selection for 10 days, drug-resistant colonics were 
picked and expanded on Sto feeder layers without 
ftirthcr drug selection. The asterisk indicates that 
one control plate for each transfcction was select- 
ed with G418 alone and was plated at 1/20 the 
density of doubly selected plates (5 x 10^ cells on 
a 150-cm^ plate versus 2x10' cells on a 150-cm^ 
plate), and the number of G418-rcsistaiit colonics 
for the entire transfcction was extrapolated from 
this number. Ooncs listed as homologous recom- 
binants were confirmed as such by digestion with 
two or more restriction enzymes and Southern 
blotting, as shown for the representative clones in 
Fig. 3. 
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OREGUT MICROBIAL FERMENTATION 

as 3 means of digesting fibrous plant 
matter has been reported in mammals 



such as nuninants, monkeys, sloths, and 
macropodid marsupials (i). Although a few 
bird species display hindgut fermentation 
(2), there arc no dociunented cases of exten- 
sive foregut fermentation stniaures or asso- 
ciated digestive physiology in the entire class 
Aves. Wc now report a well-developed ru- 
minant-like digestive system in a neotropical 
folivorous bird, the hoatzin, Opisthocomus 
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hoazin. This is the first report of this diges- 
tive system outside the mammals, and opens 
new insights into the evolution of foregut 
fcmientation. 

The hoatzin is a 7S0-g cuculiform bird 
that ranges from the Guianas to Brazil and 
inhabits riverine swamps, gallcr)' forests, 
and oxbow lakes (3, 4). Early descriptions 
suggested that the crop of this species has 
replaced the gizzard and proventriculus as 
the primary site of digestion (5). None of 
these authors documented or suggested 
foregut fermentation, although some noted 
that the characteristic odor of the bird was 
similar to fircsh cow manure (6). 

At our study site (7), more than 80% of 
the hoatzin's diet is composed of green 
leaves. Although the birds fed on the leaves 
of 52 species of plants in 25 families, 90% of 
the diet is composed of only 17 plant spe* 
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I^iicleotide s^^^^ 

F- r<iii I.AiVIB, Lynne M. ROBERTS and .r. Michael WRD 
po^pariTttent oV Biologicnl Sciences, University of WiirwieK, Coventry 

(Riicerved Septembcir J/Dc^ 

The pri marv struct tii^e of a precursar j^rotein tlial contains t he toxic (A) and galaelos^biiidirig (B) ghniris of 
the easier bciiu Iccun, viciu, han been deduced frora the nuclec^tide sequence of done<l A complementary to 
preproiicin mRNA. A cDNA: library was cai^structed vising mat uring castor bean endosperm polyCAHich RHA 
enriched tor fectin prsicursoi- mRNA by size frv^cUoB<^tk>n. Ck)tvcS:Coiitainm n-iRH A seciuenees were isolated 

by hybridization usiftg as a pix>be a mixture synthetie oligoivucico tides repre.sc4iimg all possible sequences for 
a peptide of the iridti B: chain. The m^s: coding sequence of preproricin was deduced: from two overlapping 
cDNA clones liaving insem of 1614 and: 1049 base pairs. The coding region (1695 teisc pairs) consists .()f a 
24-amino-.aeid K-tevminal signal sequence (moteenlar mass 2836 Da) precediiig. the A diain (267 a^iinrib^ acids, 
niolecdar ma^s 29399 Da), which is joined to (hc B chain (262 amino acJids, inA;>JecularmasiS 28517) by a 1 2-amino- 
acid Utikmg region (inoK^cnUu- 



' RicJn, the toxic lectin of Mkims tontmunh st*ed<;, is a 
hetcrqdimer whose Jjubonits (designated the A and B chains) 
are joined by a disulphide baad f t]. The amino acid sequence 
^ jf both subtuiits has been detennined p — 4], The molecular 
iiiass of the A polypeptide is 30 522 Da and it contains one 
N-hnked oligbs£iccharide (on aspanigine residvie 10), whilb 
the B chain, molecularmass 29 082 Da, contains twooiigosac- 
charidc chains (asparagine residues 93 and 133). The B cliaitr 
also contains two galactose-bihdihg sites 15]. interaction of 
t^iese binding sites with exposed galactose residues on cell 
<3nFface cottiponents Jeads to the translocation of the toxic A 
chain into tin? cytoplasm, wh^rQ it irreversibly iiiqctiyates 60S 
ribosomal subunits 

We have recently shown that the A unci B chains of ricin; 
are synthesized, both in vivo and in vitro, in the fovm of a 
single precursor polypeptide tentatively assumed to contain 
one copy of each siibunit |6]. This assumption luis been con- 
Hrmedin the present study by cloning and sequencmg:cD]N As 
encoding a ricin prcciirsorv 



MATERiALS ANI} METHODS 
Maimab 

Restriction endonuclease$ and isotopes were alitained 
from Amersham Internattdna) (Ehgtand), DNA polymerase 
iind T4 polynncJeotidc kinase from Boehringcr (Mannheim, 
FRG) and Si nuclease and calf thymus terminal 
deoxyuucleotidyUransferase from Mtles (Elkhart, flNf. USA). 
Avian inyeloblastosis virus reverse transcriptase was provided 
by Dr J,. W, Beard (Life Sciences. Inc., St Petersburg, FL, 
USA) and tlie synthetic oligpuueleotide was kindly pj-bvidtid 
% Celltech :Lld (Sidngh; Engl^^^ 



Correspondence to J. M. Lord, Depart\ucut of Biologicai 
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Total RilSlA was isolated from maturing castor bean 
(lilciiff^ i^ommmisy seeds tafeeii from greehhonsc-girown 
plants [7f Poly(A)-rich RN A was purified by chromatography 
on ohgp(dT)-cellulose [B] and w-as fraGtionated on the basis 
of size by sucrose density gradient cemrifugation [9]. mR^S A 
was traasiated in the hucleastNtreated rabbit reticulocyte 
lysate system [|10], 

cDNA S)nuhesis 

3.0 pg of poly(A)-rich RISIA, enriched in ricin precursor 
mRNA, was used as a tcmpiatcfor oligo(dT!}-priincd synthesis 
of cDNA using avian myeloblastosis virus reverse trans- 
criptase followed by second-strand synthesis with DNA 
polynu^iase accordiiig to pubhshed procedures After 
treatment of the double-strandetl cDNA with /hpergUbt^ 
oxy::ae Si iuic lease, ho tnopolynieric poly^^ 
to the 3' ends using calf Ithymus terminal deoKynwdeotidylr 
iransferase [121. 

i^DNA clvmng aiul library screening 

Poly{dC)-tailed cDNA wasiractionatcd by sucrose density 
gradient centrifugation and cDNAs with lengths greater than 
1000 base pairs were annealed, to /'^v/l -linearized, poty(dG)r 
tiiiled piasmid p)iR522. The recombinant plasUiids were used 
to trans (brni competent . collDHl cells. Ti'ansf^rmants wen^ 
selected on tlie basis of their differential anlfbiolic seiisii ivity. 
Recombinant cDHA clones w-ere screened in sifu on 
nrtro<?cllu!o?>e. iSlters with. a. synthetic 2Q'mer oligonueleptide 
mixtiire; Thiis probe rcpveseiited all possible DNA sequences 
predicted Irbm a stretch of seven amino acids located in the 
C-termmal region of the ricin B 6haih P :-4]; Its structure 
is illustrated in Fig, 1. The probe was 5'-labeiJcd with T4 
pqIyn;udco.ti:de .kinase and f}^-^^PlAirP<. Jiybridization Avas 
carried ont. in iripheate at 42''C in 6 x NaCl/'Cit and the tilters; 



.266 



washed at tlwe differeht tenipcraluies 

and degree of 



wert* 

determined from llic ba<?e Gomposilion miu ut^ivv 
mismatch of the probe [13].. f lybridization was |:ji:ecKcted vi\ 
iwo af the wush leinperaUires (52^C and S6^C) bitnot at a 
third (60 ^^C). 



p:RCL17, The insert of pROLI? wi\s redoned inlo ptJCB 
and . fragments were end-labelled and se-C]iiene.ed accordhig to 
Maxarh and Gilbert [16], Restriction etidonuclease di[iestioivs 
were performed using comrnereial enzymes accorditig to the 
suppher's i ns( ructi ons . 



DNA Si?gmN0e att(ify.sis 

One: of the positive clones (designated pR€L6, vvjneh 
eontained a 1614-base-pair insert) was cloned into the Mi3 
phage veelors nipS and mp9 [14] and sequenced, using the 
cliain teniiinatron technique [15]. 

In jidtiition, vhe:pR:CL6 insert was seqiieneed by the proce- 
dure of Maxam and Giiben jjequenees at the ends of the 
kVsert being obtained ofter^ recloning into the Pstl site of 
plasmid pUC8 by ligaiion [7], A comparison of the amino acid 
sequence deduced from pRCL6 revealed that this insert was 
a copy of preproricin niRNA, whk-hwas incomplete at the 3' 
end. From restriction patterns of other positive clones an 
overlapping 3' end isequence was= obtained from plone 



Peptide 



-Frp-Met-Phe -ly> ^ Asn- Asp-Gly- 
T GG AT G T T J A A J A A^ G A ^ GG 



AC C T A C A A 3 T T ^ T T Q C T ^ C C 



Fig. .1, Region of ihe ricir) B ^^Jwm ^svlevted /hr ftut s}>nfiiesi:i of tw 
mfMmudcMde prof^^ All potential mRN A sequences {presenied as 
the corresponding Stra nd otMhe PN A) are shown togci tier wiih the 
complementivry oligon iicleotide probe seqneiiees 



RBSUIJTS 

A iibrary of eDNA clont^ was derived fnomi paly(A)-i;ich 
RNA isolated from nialuring castor be^ui ondpspernvti^^^^^ 
The cDN A library was serecned by Itybridizalion to a mixture 
of 16 synthetic oligonucleotides (Fig. 1) representing aU pos- 
sible DMA sequences predicted from a stretch of 7 amino 
acids previously shown by protein sequencinij to be elose to; 
thoC terminus of the ricin B chain [2, 3]. Froni a to tal of 1600 
tetracycline-rcsistani. transformant^;, 80 colonies gave .strong 
hybridization signals after washing the filters- Jiit Sl'-'C 3hd 
56''C but not. a^> pxcdicted [13], a t^er washing at 60 'C. The 
nucleotide sequences^ of cloned cDM As were determined by a 
combination of the Sanger 'dideoxy' method [IS] and the 
procedure of Maxatii and Gilbert [17] acGordttig to the strat- 
egy cviitlined in Fig/ 2: Both MraMs 

The primary structure^ of the mRN A encoding the ricin 
precursor vvas deduced Ixom the two overlapping cDNA 
sequences (Fig. 3). The sequenced inserts of pRCL6 and 
pRCLl7 exhibit no; differences in the overlapping region. 
Amino acids 1 265 of the A chain and 1 - 260 of i he B chain, 
previously detenmned by protein sequencing [2, 3], arc 
encoded bv, and contained within, iiucleotide residues .1 -801 
and 838 -1623 of the mRNA. Diflerences between the derived 
primary stmctureand the publislied amino acid sequences are 
sliown in Fig- 3. The derived A chain sequence is idmOcSt 
identieal to the published sequence [3] except for two extrit 
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Fig, 2. RtiuricHm imhmui'lmse nmp ofrkin precursor cDNA clones pRCL6 cmd pRCLl? and sfrolci^y oj'seqmmwg. The direction and extent 
of sequence dcicrminiUiohs are shown by hori/A>atai arrows. Wher^ seqiiciiciag was ciirricd out by the procedure or Maxanv aiVd Gilbert the 
sites qr3'-c.nd Uibelling are inaieated by closed circles at the end of the arrows. The double shish marks indicate that the site of end labelling 
was located oii the vecior ONA. .477v1viS'(:/w3AI and //<3c> III fragments of' the pRCLOi insert were nvndomlyliga ted iiUo M13 nij^8 and. sequenced 
in both tlireclions by the chaiin termination technique;. The 72 ovcrlapping sequenees oblairted are represented by the horixontal Vines labcUcd 
M1.3 



... . . . ..i^ 

5 -mXXSm^ GAAAXACCftT TOTMmXiX; ATG TAT GCA CfG (JOX-.AQk TO CTT TCrr ITr GGA TCC AGC ItA & TO UT TO ACA r'A GAG 

Mei: Tyr Aii: Vai^A]^ n-u: llyp leu Cyi5 Pi\e GVy Ser mt: Ser- Giy Trp S<n: Pha Thi: Leu Glu 

•^Y AAC AAC ATA TTC- CGC AAA.CAA TAC CCA ^TT ATA , AAG:TK ACC AGA. GQS .«?r OCC ACT C!8G C!\A AGC 1^ ACiA AAC f IT ATG AGA OCT 
As}> Asiwte n& VhB Vro tya: Gin Tyr Fro lie He ^ •Ph(>--TfiFI ?mr Ali Gly Ala T!ir Viil.Glrv^er lyr The Ajw;Fhi2 He Arg Al^ 



Grr GGic -GGfT ajr m aca aci' a;A gct g^. am aqa: cat gat ata cca gij:: t»;: cca :AA(;: aga ggx tig ccr axa.aac caa cgg tit 

Val Arg Gly Atg Uu m -te GXy Als Aap Val Arg Hi$ Asp He I^o V^ll U>u Pro Auu Arg VaJ Giy beu Prfc? X.1& Asn Gin Are Phe 
30. -40- Gl\i ix> ■ ^ ' 

ATI m GT? GM CrC XCA A^T CAT GCA GAG G2T Ta GTr ACA m CJCiC &\T'OT .ACC MT .TAT G1X? GTC' QGC TAC GGT GQT- Gr\ 
1)6 Uu Val Giu Leu Her Asn (lis Ala Ghi Uu.Ser Val Tht Ijbu Ala im t\nx) Val Tnr Asa A.l«v Tyr Vai M G.lv Tyi: Ara Aia GiV 
(Jin mV g^,^ .f-o " p , 
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m AGC GCA TAT TTC OT G\T CO^ GAG AAT CAC^ GAA GAT; Ga^ GAA GCVV A'lC ACf GVr f Ti:G GAT CTT CAA^ A-XT CGA TAT ADi TTC, 
.Aim Ser AU Tyr Pile. m. B.is Pro Asp Asn G3 n G3v\ Asp Als Ghi; Mn JU .Thr 11;|.!> U-u I'hft Tl\r Asp Val Gln Asn Arg Tyr Thr Phs 



CeC m OT' :CJGT .AAT TAL:: .GAr AGA- m GAA. :(:aA Cn: GCrr C/^T.AAT gig = AGA GAA^ -AAT . ATG GAG TIG GGA AA-l: ■& CCA CTA GAG GAG .GTT 
. Al.a P)-ie rJy GJy Asn Tyr Asp Arg G]a Gin lai.AL'i Gly Ahn f^u. Arg Glu Asn lie Gin Lbu .Gly Asn Gly Pro Le.u Gtu Glu Al;i 

. Arc '^A GCG :OT W IM TAG AGT ACC GCri^aiC ACri :CAG: QT CCA ACT bc; GGT CCrF.TtX TTT ATA AiT TGC .A^rc CAA ATG AT TCA GAA 
lie bei: to Uu IVr Tyr tyr Ser Thr Gl:y Gly/rhi: Gh^ Uiu Pro Tlir Leu Al a Arg Ser ?hc> i3e lie Cys lie Gin ?fec lie Sat Glu 

: 160 • -.70 ' 

■ ■ . . . : . . . . ^00 

^ Ga p m:. caa tat ait gag (kja gaa atg ax acg m m aqs tag mc cgg aga tot gca cca gat gci- agc gta atp ca c * " 

*aa Ala ^ Bhe Gin Tyr He Glix Gly: (Itlu Met Arg Ai:^ lie Arg.-Tyr.Asn Arg Arg Ser Ala ^vo Aap Pro Ser VaJ l ie Thr Leu 

Gi^I AAT ACr TCG AGA GIT TCC ACT GCA ATf CaA GAG TCT AAG CAA; GGA GCC TTT GCF AGT CCA Alf GAA GTt; CAA A^^A O^T AAT GGT 
Glu A6n Ser Trp Gly Arg l&ii. 5ec Tlir Ala- lie Gin GXq Sex Ash Gin Gly Ala Phe Ala Ser ^^ro. Ile Gln l^u^ Glh fig Ar'> rt^rnliTr 

Mo ■■ — .Asp 

TCC AAA TlX: « cm; TAG GAr OTG AGT ATA TIA AfC CCj' ATC ATA iGGT CTC ATS GIG TAT AGA. .TCC GCA CGT GQA GCA 'W 'I'CA CAG HT 
^ T^/s Phe Ser V3I Tyr Asp Val Ser lie \j?xx lie Pro lie lie Ala Uni Ht.,- Val T\t Arg. Gys ^Ala Fro Pro Pro Ser Ser Gin Phe 

■JCT Tlx; cri ata acxi cca ^g ota cd\. aat m. aat cor gat crrr to atg gate cct gag ccg ata gk; ccr atc itia ggt cga aat ch 

(^!! !:!!''!f! •^<?.l- -^^4 ^ Ash I^;A«a;AU Afjp V^i Cys Met Asp Pro G hi Pro He VaJ Arg He Val ciy Arg Asa Giy 



GIA TGT Grf GAr GTT AGG GAT GGA AGA T):C CAC AAC CgLaAG GCi^ ATA CAG TXG TGG CGA TGC AAC TGr AAT Af A GAT CG^ AAT PA"' rfr 
1^ Cys M ASp Atg i^sp Oly Arg. m m: Asn -Ov Asn -Alf lie Gin leu Ti:p y^o Xys Sex A^n TiSr Asp A3 a Asn Gin Lew 
^'^'^ Asn , Aso K1& " . ; 

'^^ AAA Aa GAG AAT ACT ATT CGA lUF AAT GG.V AiSG atH^ tTA^ACT ACT- 'm: GGG TAC AGT= COG CSGA GTC TAT GTG ATXS A'K* TAT 
Up Thr. Uu-Lys: Arg: Asp AsH:tmt:XTe AKi?:Se.t Am Gly :Lya Gys Leu Thr Tht Tyr Gly I'yi: Ser Pro .Gly i^^ 'mi Met:Iie -TVt 

• : Pro. Ser ' ' ' 

. . ■ ■ : ■ . . 

C»AT TGC AAT ACT GCr GGA ACTI GAT GCG MX. OX m CAA AIA GAT AAT CGA AGC ATC ATA AAT: a^C 'rrr ACT CTA CTV Tr\ rc^A 
Asp Cy. A.^: Thr Ala AU 11.. A^rp Ala Tl.. Arg Trp Ghv i;l« Ti:p A..p, PnWTMlTle lie Asn Pro A^. ^ Su ^ Su AU 
Tlir Asp . — Glu Asn 3««>: . 

GGC; ^ TCA: GCK^ AAC AGr m ACC ACA GIT ACG GTC CIAA A(^C AAC AIT TAr GCC GTI ACT CAA GGT TX5G GTT VCV AGT AAT AAT ACA C^^ 
Al^ Ihf ^ Gly -Aim S?cr Gly It.r^ Leu: Tt.t ^V^i Glr. ^Thr Asn lie ^yr Ala Val Ser Gin ^ iH^ ^ T^fW^™ m 

cor TIT :GIT AGA ACC ATI: m <rtV^. W GGT CTG TGC TTG CAA GCA AAT: ACri? GGA CAA GjCA TO ATA GAG G¥' ^^V MT Arr ta-^ a^p 

GCr GAA CAA CAG TGG GGT CIT TAT GCA GAT Wl 'KA AlA CGT CCT CAG CAA AAC CGA GAT AAT TC;C CTT ACA AGr GAT TCI AM ATA CGG 
Ala:Glu Gl..Gin Trp Aiato Tyr Al. Asp Gly Ser lie Arg Pro Gin:Gln,Asu Arg Asp Asn Cvs Thr Ser. A^p .W Mn Art 



UiiVo - 



Olf, ^ ^' *F TGI; TCT g|c OCT OOMOC BCT flKT 08ft ICG -ATS m' MS MT CAT .GGA- AO: ATC m MT TiX: 'ftr 

Olu tte m Val Lys lie. 1*0 Ser (^s Gly Pro Ali. Sur -Ser C?ly G n Arg Trp- fee I.ys Asri: Asp Glv Thr U» Utt ten -Utw 

Glu si>tf 



|=J ^? ACK CXiA l-O! GAT ^OC! ACC OT MA CAA ATG CCT XAG CCT CH: (iri (Xfr GAC: (X;a'mc; AXA KK 

U, U;u m I^u Asp Val Arfe'te-Sfflr. Asp S§f tju I-ys Ite He to, l^r p«, U« i«* GJv Asp ?to A^rt Gift n# m 
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amino acids ai positions 235 and 254, and amino acid replace- 
ments at positions 41, 63, 75, 236 and 249. The derived A chain 
sequence contains 267 anuno tieid raiher than 265 pi'eviously 
denipristratcd by protein seqiiencing. Tl.ie most signffieanl 
amino acid replacement is iliat at position 23<S where the 
nucleotide vSequencc predicts asparagiue, illius generatLng a 
potential A'-glycosylation iiilC:. 

rhe deriveciB chain sequence was again two iimint) acid 
residues longer (262 residues) than the published prinvary 
sequence [2, 3]. In this case the degree of honiqlogy between 
the derived and published B chain sequence was less than that 
found Tor the corresponding A chains. Adjacerit amino acids 
at positions 308 --309, 349-35G, 365-367, 443 "--444 and 
539-540 were hi reverse ordei; aUhougli a published: paniai 
annno acid sequence, corresponding. to B chain residues 355 • 
373 (Fig. 3), confiriTied a tryptophan residue at position 369 
and agrees witli the derived sequence around positions 365 - 
367 [4], The dlBerences observed here may be due in part to 
ricin heterogeneity between dinerenl seed vadeties [1 ], or due 
to tiie two or more forms of ricin, which may be present in 
eaeli seed [I S], 

The translation iniliation site was assigned to the mcthio- 
nine codon d(ATG) represented by nucleotide residues - 72 
to -- 70. Although this is not the 5'-proxin\aI d(ATG) triplet 
(which is found four bases upstream) ii is the only one frorn 
which the nucleotide scqnenee yields, a single, large opeti- 
reading tpme that can encode a protein corresponding both 
in size to the prepropepttde and in amino acid sequence to f he 
authentic subiinhs of riciii. Although initiation from this site: 
cannot be reconciled with the scanning: model of eukaryotic 
i nitiation [19, 20], several other examples of plant genes which 
apparently do not utilize the 5'-proximai d( ATG) as the initia- 
tion codon have l^een reported [21 —23). 

rrhe derived sequence predicts an N-termihal extension of 
24 amino acid for the signal peptide, which allows transloca- 
tion of the ricin precnrsor across the endoplasnue reticuluin 
[71, The orientation of the preproprotein is signal -A-cliain - 
B-chain. The A and B chain sequetaces are separated by a 
12-umino-acid linking retiion as illustrated schematicaliy in 
Fig. 4. 



DISCUSSION 

From the nucleotide sequence of cloned BN A coniple- 
men tary to^ ricin precursor niRN A we conoUido that this pre- 
cu irsor is a preproprotci n con taini ng 565 ainino acids, of which 
267 comprise the A chain and 262 cbinprlse the B chain , The 
ricin A chain sequence is preceded by a putative signal peptide 
of 24 uminb acids, and the mature A. and B chain sequences 
are separated by a short linker regioii. In the posttranslational 
cleavage of proriein this l2-amino-acid linker region must Ixj 
removed. One cleavage mnst occur on the amino-acid-ter- 



minal side of the serine residue at position 268 while the other 
eteavage occurs on the carboxyl side of the asparagine residue 
at position 279. Theremoyal of Ihiker iregions in the processing 
ofpea seed lectin [24] and the plant storage proteins soybean 
glycinin [25] and pea iegumin [26] also involves a specffiG 
proteolytic cleavage on the carboxyl side of asparagine. An 
acid endopeptidase, which cleaves proricin into authentic A 
and B ehaiius, has recently been isolated iTom castor bean 
protein bodies (impublished datJi); the protein body being th^ 
nltinfate destination* of ricin in the castor bean endosperm cell 
[27, 2S], ^ 

The ricin precursor contains four potential sites for 
asparagincTinked glycosyiation at residues 10 and 236 in tht^ 
A chain sequence and residues 374 and 414 in the B chain. 
The amino acid seqiicnees of Yoshitake ct:al. f3| indicate an 
aspartate residue 236, where our riucleatide sequence predicts 
asparagine. Other partially sequenced cDN A clones (not 
shown) also predict this asparagine. A recent luialysis has 
indicated that a variant or 'heavy' form of ricin A chain 
does indeed, contain tW(). N linked: oligosaccharide chains (B. 
Foxwell, personal communicaiion). 

Codon utilization for preproricin mRN A is non-random, 
generally renecting a preference for da\ or dT in the third 
position of the corresponding DNA sequence. The codon 
specifying phenylalanine at position 541 is followed by the 
translation termination codon, d(TGA), The 3'"untranslated 
region of the m liN A is 156 riucteoiides long and contains a 
polyadenylafion signal between nucleotides 1682-1687, 5.5 
nucleotides = downstream from the siop codon and 95 
nucleotides upstream frpni the poly A tract. 

It has been suggested that the ricin B chain nuty be 
product of gene duplication [5]. Several areas of amino acid, 
homology exist between the N-terminal and the C-terminal 
halves of the B chain when the two disulphide bridges in each 
half are aligned. In all, 26 identical amino acids were found 
in corresponding positions in each half (5]; We have now 
extended this analysis to IheB chain nucleotide sequence. Our 
fmdings strengihen the contention, that both halves of the 
ricin B chain may have arisen from, a common ancestor, Th^J 
two halves sh o w 28.6% amino acid homology with 41 residues 
conserved (Fig. 5). Theie remain, however, numerous 
differences between cod on sequences definiiig the eonscfved 
amino acids in: the two halves (71:7% DNA homoiogy). 

At presem there is consideral">k inte.rest in tlie poteniial 
use ofricin-con(ahungimmunot()xinsi;n cancer chcmoihcrapy 
[29 — 32]. The inclusion of whole ricin in these constructs is 
complicated by the presence of the B chain gaUlctose-binding 
sites, which override the specificity conferred by the antibody 
molecides [33], The presence bf the B chain seems t:o be neces- 
SHiy, however, to ensure efricient delivery of the A chain: ini:o 
the cytoplasm [33, 34]^ Sitc-spceinc miitation of cDNA clones, 
aflccting amino acids involved in B chain galactose: bindingv 
may ultimately lead to a modilled ricin and an increased 
specificity orricin-basedimmunotoxins. 
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enclosed in boxes 
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SPECIFICITY OF MONOCLONAL ANTIBODIES PRODUCED 
AGAINST PHOSPHOROTHIOATE AND RIBO MODIFIED DNAs 
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KEN J. HAMPEL and JEREMY LEE* 

Department of Biochemistry, University of Saskatchewan^ Saskatoon, Saskatchewan, 
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Abstract — A large number of phosphorothioate DNAs and mixed ribo/deoxyribo duplexes were 
prepared and their immunogcnicity was studied in mice. Only those polymers which were nuclease- 
resistant were immunogenic and in these cases monoclonal antibodies were prepared. The specificity 
of the antibodies was measured by direct and competitive Solid Phase Radioimmune Assay (SPRIA) 
and on this basis four types of antibody could be identified. Type I antibodies are specific for the 
immunizing polymer and show very limited crossreactivity. For example, Jel 384 binds only to 
poIy(dsA)-poly(dT); Jel 453 and 462 bind only to poly(dsG) poly(dC)and poly(dsG) poly(dm^C). 
Type II antibodies bind to most polymers containing the appropriate modification but will not bind 
to unmodified DNAs. For example, Jel 343 binds to most thio DNAs regardless of sequence; Jel 346 
binds well to most ribose-containing polymers and may be a useful reagent for the detection of the 
*A* family of conformations. Type III antibodies bind to most nucleic acids whether modified or not. 
Their specificities arc similar to autoimmune antibodies. Type IV antibodies are single strand-specific 
such as Jel 383 which binds to poiy(dT). There were no examples of antibodies which bound 
specifically to the immunizing DNA and the unmodified polymer. Thus, modified DNAs cannot be 
used to prepare sequence-specific reagents. Also» the immunogenic! ty of modified nucleic acids may 
limit their usefulness in antisense technologies. 

Key words: DNA*binding antibodies, immunogenicily, nuclease resistance. 



INTRODUCTION 

Nucleic acids with backbone modifications are widely 
used as antisense oligonucleotides (Wagner, 1994). This 
technology is a general method for influencing gene 
expression or viral replication by adding exogenous oli- 
gonucleotides which bind to a target sequence (Maher, 
1992). For therapeutic applications the antisense oli- 
gonucleotide must be capable of penetrating the plasma 
membrane as well as being resistant to nucleases. Since 
most naturally-occurring DNA and RNA is rapidly 
degraded by intra-and extracellular nucleases, it is not 
suitable for antisense therapy (Eckstein, 1985). For this 
reason oligonucleotides have been prepared with back- 
bone modifications which render them nuclease-resistanl. 
These modifications include a-nucleotides, methyl phos- 
phonates, peptide linkages and phosphorothioate (POS) 
groups (Gish and Eckstein, 1989; Nielsen et al., 1991; 
Cros et aL, 1994; Xodo et aU 1994). However, unlike 
DNA and RNA, modified nucleic acids are immu- 
nogenic, probably for the very reason that they are nucle- 
ase-resistant and thus survive long enough to be 
recognized by the immune system (Braun and Lee, 1988). 



Author to whom correspondence should be addressed. 



Therefore, lack of immunogenicity may have to be sac- 
rificed to achieve nuclease resistance. 

A second reason for studying the immunology of modi- 
fied nucleic acids is that the resultant antibodies may cross 
react with the unmodified form. In this way, sequence 
and stniclure-specific reagents could be prepared against 
antigens which are not normally immunogenic. For 
example, antibodies to Z DNA, triplexes or DNA/RNA 
hybrids have proved to be very useful for the detection 
and analysis of these unusual structures but, in general, 
sequence-specific antibodies are not available (Anderson 
ei aL, 1988; Stollar, 1991; Stollar, 1994). Previously, we 
prepared a series of POS DNAs and mixed ribo/ 
deoxyribo duplexes (Latimer et al., 1989; Braun and Lee, 
1988). Some of these modified nucleic acids, particularly 
those with high GC content, were nuclease- resistant and 
immunogenic. Also, serum antibodies from mice immu- 
nized with poly[d(GsC)], for example, showed some bind- 
ing to the unmodified poly[d(GC)], Thus, by immunizing 
with poly[d(GsC)] it might be possible to prepare mono- 
clonal antibodies which bound only to poly[d(GsC)] 
and poly[d(GC)]. 

For these reasons," mice have beeri immunized with a 
large number of POS DNAs and mixed ribo/deoxyribo 
duplexes. In those cases where the polymers were immu- 
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nogenic, monoclonal antibodies were developed and their 
specificities were analysed in detail. 

MATERIALS AND METHODS 

Nucleii- ac ids 

All homopolymer single-stranded nucleic acids, 
polytd(GC)]. poIy{rG)-poly(dC) and poly[d(IC)]. were 
purchased from Pharmacia (Bale d'Urbe. Quebec). Calf 
thymus (CT) DNA was purchased from Sigma (St. Louis, 
MO) and rRNA was obtained from Boehringer Mann- 
heim (Laval. Quebec). Poly(rI)poly{rC), poly(rl)- 
poly(dC) and poly(rA) poly(dT) were generated by 
mixing equimolar amounts of the appropriate single- 
si randed molecules in T/E buffer (10 mM Tris -HCI, 0.1 
mM EDTA, pH 8.0) and 100 mM NaCl and heating at 
60 C for 1 5 min. The remainder of the nucleic acids were 
synthesized in reactions with a polymerase, a template 
and the appropriate nucleoside triphosphates (Evans cf 
ill., 1982). Synthesis was followed by an ethidium bro- 
mide fluorescence assay (Morgan et al.. 1979). Duplex 
DNAs containing phosphorothioate groups were gen- 
erated in a potassium phosphate buffer system (pH 7.2) 
with £. coli DNA polymerase and the appropriate modi- 
fied nucleoside triphosphates (Pharmacia). Poly(rGdC). 
polyCrGdm^'C) and poly(rGdsC) were generated in a 
bicine buffer system at pH 8.9 with £. coli DNA poly- 
merase (Jayasena and Behe. 1987), whereas poly(dArU). 
poly(rAdT). poly(dGrC). poly[r(GC)], poly[r(AU)] and 
poly[r(IC)] were synthesized in the pH 8.9 buffer system 
with E. voli RNA polymerase (Hall et uL. 1985). All of 
the resultant nucleic acids were purified and characterized 
by their melting temperature and by fluorescence upon 
binding of ethidium bromide (Evans ei al.. 1982). Con- 
centrations were calculated from absorbancc measure- 
ments at 260 nm assuming an extinction coefficient of 
6600 M"' except for poly(rGdC) and analogues (7440 
M-') (Hardin et aL 1987). 

Hyhridomas 

The immunization of the C57 Bl/6 mice and analysis 
of the serum antibodies have been described elsewhere 
(Braun and Lee, 1988). Spleen cells from immunized mice 
were fused with the myeloma cell line, MOPC 31 5.43 and 
the positive hybridomas were identified by SPRIA and 
cloned by limiting dilution (Lee et aL 1982, 1985), 

Soiid phase radioimmune assay iSFRIA) 

The procedure for the SPRIA has been described pre- 
viously (Lee et aL, 1982, 1985). Briefly, either polyvinyl 
chloride (PVC) or polystyrene (Dynatech Labs, Chan- 
tilly, VA) wells were coated with the desired nucleic acid 
by incubating 50 yd of a 2 //g/ml sample in phosphate 
buffered saline (PBS, 207 mM K.C1, 137 mM NaCl, 10 
mM Na3HP04, 1.4 mM KH.PO,,. pH 7.2) overnight at 
4 "C. In some cases the wells were precoated with poly-L- 
lysine also by incubating 50 /il of a 2 /ig/ml sample in PBS 
at 4''C. Precoating the plates was found to be essential for 



the detection of significant binding to poly(rGdm^C). 
poly(rGdsC) and poly[r(GC)]. The reason for this is 
unclear, especially since detection of antibody binding lo 
poly(rGdC) occurs readily without precoating with poly- 
L-lysine. To perform the assay, the wells were washed 
three times with PBS and 0.5% Tween 20, the antibody 
sample (see below) was added and incubated 1-3 hr at 
room temperature. The wells were washed as above and 
50 }i\ of labelled second antibody (sheep ''M-labeiled anti- 
mouse IgG (Amersham, Oakville, Ontario) were added 
(50,000 cpm/well). After incubating for 2 hr at room 
temperature, the wells were washed as above and counted 
in a LKB 1271 RIAGAMMA gamma counter. The 
resultant cpm was a measure of the ability of the original 
antibody solution to bind to the nucleic acid immobilized 
on the wells. In all cases the background was less than 
200 cpm. 

Competitive SPRIA were used to obtain an accurate 
description of the specificities of some of the antibodies. 
In these experiments, a "competitor" nucleic acid is 
added in solution before the addition of the MoAb (Lat- 
imer et al., 1989; Braun and Lee, 1988). 

The antibodies were derived either from mouse serum 
orhybridoma supernatants and diluted in PBS. For speci- 
ficity tests, the hybridoma supernatant was first titred 
against the immunogen to determine the highest dilution 
which gave maximum counts. This dilution was then used 
in all subsequent direct or competitive SPRIA. 

RESULTS 

Inwnmoyenwity 

Not all modified polymers could be produced in 
sufficient quantities for detailed studies. For example, 
DNAs such as poly[d(sTsG)]-poly[d{sCsA)] in which 
every residue is phosphorothioate, replicated very slowly 
and yields were poor. One family in which all thio poly- 
mers could be produced in good yields was poly[d(AT)]. 
After injecting C57/bl mice three times, serum antibodies 
were measured by SPRIA after serial two-fold dilutions 
(Fig, 1). Poly[d(sAsT)] gave a good immune response 
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Fig. I. Immunogenicity of poly[d(AT)] and phosphoroiluoatc 
dcrivalivcs. After three injections, serum was collected and the 
amoum of binding to the immunizing DNA was measured by 
SPRIA. poIy[d(sAsT)]; poly[d(AsT}]; O- poly[d(sAsT)]; 
A- poly[d{sAsT)]; #, adjuvant alone. 
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with a litre of 2' (defined as the dilution at which the cpm 
was half maximum). The response to poIy[d(AsT)] was 
much weaker with a litre of 2*^, whereas poly[d(sAT)] and 
poly[d(AT)] were not immunogenic since the cpm was 
not significantly different from that of adjuvant alone. 
The response of BALB/c mice injected with these poly- 
mers gave the same pattern (data not shown). In contrast, 
it was shown previously that all thio members of the 
poly[d(GC)] family were immunogenic (Braun and Lee, 

1988) . 

Poly[dTsC)] poly[d(sGA)], poly(d(sTG)]'poly[d(sCA)] 
and poIy[d(TC)] poly[d(GrA)] poly[d(TG)] poly[d(CrA)] 
were all tested and found to be non-immunogenic. Fur- 
ther experiments were concentrated on simple homo- 
polymers which in general were easier to replicate. In 
addition, it seemed likely that polymers with the fewest 
modifications were more likely to produce antibodies 
which would crossreacl with the unmodified nucleic acid. 
All the nucleic acids described below were immunogenic 
and at least one monoclonal antibody was recovered in 
each case. 

Polyld(AsT)] andpoly(dsA\poly(dT) 

Two monoclonal antibodies, Jel 371 and 372, were 
recovered from a BALB/c immunized with poly[d(AsT)]. 
As judged from SPRIA (see Table 1), both antibodies 
bind to thio DNAs but also to poIy[d(AT)], calf thymus 
and heat-denatured calf thymus DNA. Therefore, they 
are neither structure- nor sequence-specific. Although 
competition experiments were attempted, no inhibition 
of binding was observed even at the highest con- 
centrations of DNA which were available (about 300 
/iM) (see Discussion). 

Three types of antibodies were prepared from several 
fusions with mice immunized with poly(dsA)'poly(dT). 
As shown in Table 2, Jel 383 will only bind to DNAs 
containing poly(dT) and thus this single-stranded DNA 
presumably forms the epitope. Since the Tm of poly 
(dsA)*poly(dT) is lower than most duplexes, h is expected 
10 melt easily exposing the single strands (Latimer et al., 

1989) . This would account for the binding of Jel 383 to 
poly(dsA)-poly(dT) during the SPRIA and also explain 
how a duplex DNA can give rise to a single strand-specific 
antibody. The second type of antibody is exemplified by 
Jel 384 which binds to poly(dsA)'poly(dT) but not the 



Table 1. Direct SPRIA for antibodies from mice immunized 
with poly(d[AsT)] 



Table 2. Direct SPRIA for antibodies from mice immunized 
with poly(dsA)'po)y(dT) 



% Maximum binding 



Nucleic acid 



Jel 371 



Jel 372 



Poly[d(AT)] 
Poly[d(sAT)] 
Poly[d(AsT)] 
Poly[d(sAsT)] 
Calf thymus DNA 
hd calf thymus 



22 
91 
78 
100 
36 
21 



34 
43 
62 
100 
19 
32 



% Maximum binding 



Nucleic acid 



Jel 383 



Jel 384 



Jel 385 



Poly(dsA)-poly(dT) * 100 

Poly(dA)poly(dsT) , < 10 

Poly{dA)-poIy(dT) 79 

Poly(dT) 84 

Calf thymus DNA < 10 

thd calf thymus < 10 



100 

< 10 

< 10 

< 10 

< 10 

< 10 



100 
42 
81 
63 
44 
46 



unmodified duplex or poly(dT). It is therefore specific for 
the immunizing DNA. On the other hand, Jel 385 shows 
little preference and binds to duplexes, thio and single- 
stranded DNAs. 

Poly{rGdC) and poly[r(GQ] 

Both of these ribose modified polymers arc immu- 
nogenic and it was shown previously that mice iuiinii- 
nized with poIy(rGdC) produced serum antibodies that 
crossreacted with poly[d(GC)] (Braun and Lee, 1988). 
Two monoclonal antibodies, Jel 332 and 334, were pro- 
duced against poly(rGdC) and one, Jel 346 against 
poly[r(GC)l. Direct SPRIA (see Table 3) shows that Jel 
332 only binds to the immunogen and poly{rGdm^C) 
and poly(rGdsC). Jel 334 also shows weak binding to 
poly[r(GC)) and poly[r(AU)), but in both cases, the high- 
est counts are to the* thio substituted poly(rGdsC). On 
the other hand, Jel 346 binds to all ribose-containing 
polymers. 

Because these antibodies appeared to have con- 
siderable specificity, relative binding constants were csli- 



Table 3. Direct SPRIA for antibodies from mice immunized 
with poly(rGdC) and poly[r(GC)] 







% Maximum binding 


Nucleic add 


Jel 


332 


Jel 334 


Jel 346 


Poly[d{GC)] 


< 


10 


< 10 


< 10 


Poly[d(IC)] 


< 


10 


< 10 


< 10 


Poly(rGdC) 




86 


96 


100 


Poly(rGdm^C) 




32 


83 


61 


Poly(rGdsC) 


100 


100 


25 


Poly(dGrC) 


< 


10 


< 10 


< 10 


Poly[r(GC)] 


< 


10 


14 


88 


Poiy[r(AU)] 


< 


10 


19 


76 


Poly[r(lC)l 


< 


10 


< 10 


33 


Poly(rI)-poly(rC) 


< 


10 


< 10 


77 


Poly(rG)poly(dC) 


< 


10 


< 10 


89 


Poly(rI)poly(dC) 


< 


10 


< 10 


78 


Poly(rA)poly(dT) 


< 


10 


< 10 


32 


rRNA 


< 


10 


< 10 


11 


Calf thymus DNA 


< 


10 


< 10 


< 10 


hd calf thymus DNA 


< 


10 


< 10 


< 10 
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Fig. 2. Competitive SPRIA for (A) Jel 332 and (B) Jel 334. The 
level of binding was measured as a function of the amount 
of nucleic add added as a competitor. The concentration of 
competitor required to reach 50% binding is inversely pro- 
portional to the binding constant. The plate was coated with 
poly(rGdC) and the competitors were: •, poly(rGdC); □, 
poly(rGdm=^C); poly(rGdsC). 

mated from competition experiments (Figs 2 and 3). The 
concentration of competitor required to reach 50% bind- 
ing is inversely proportional to the binding constant. As 
can be seen in Fig. 2 for Jel 332, about 50-fold less 
poly(rGdsC) is required to give the same competion as 
poly(rGdC). Jel 334 on the other hand, had a binding 
constant six-fold higher to polyfrGdm^C) than the immu- 
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Fig. 3, Competitive SPRIA for Jel 346. The plate was coated 
with poly[r(GC)l and the competitors were: A. poly[r(GC)]; 
poly(rG)-poly(dC); O, poly(rGdC); A. poly(r(AU)]; x, 
poly{rGdsC). For clarity, not all the competitors are shown but 
the relative binding constants arc listed in Table 4. 



Table 4. Relative binding constants estimated from competitive 
SPRIA 



Relative binding constant 



Nucleic acid 


Jel 332 


Jel 334 


Jel 346 


Poly[d(GC)l 


nc " 


nc 


nc 


Poly(d(IC)] 


nc 


nc 


nc 


PolytrGdC) 


l.O 


KO 


0.22 


Poly(rGdm-'C) 


0.12 


5.8 


0.02 


Poly(rGdsC) 


50 


1.3 


0.02 


Poly[r(GC)] 


nc 


nc 


1.0 


Poly[r(AU)] 


nc 


nc 


0-13 


Poly[r(IC)] 


nc 


nc 


nc 


Polyfrl)poly(rC) 


nc 


nc 


1.0 


Poly(rG)-poiy(dC) 


nc 


nc 


5.8 


PoIy(rl)poly(dC) 


nc 


nc 


5.: 


rRNA 


nc 


nc 


nc 



' nc. no competition was observed at the highest concentration 
tested. Therefore, the relative binding constant is < 0.001. 



nizing polymer and thio substitution had little effect. The 
relative binding constants are summarized in Tabic 4 
which also includes those for Jel 346. As shown in Fig. 3, 
Jel 346 has a wider range of specificity but was only 
competed weakly with by poly(rGdsC); rRNA and poly 
[r(IC)] to which binding could be delected by dirc^ct 
SPRIA were ineflective as competitors. It can be csii- 
mated that the binding constant to these polymers must 
be at least 1000-foid lower than to poly(rGdC). Thus, 
one problem with direct SPRIA is that the apparent level 
of binding is influenced by the amount of polymer bound 
to the PVC plate and even very weak binding may still 
be detected. 

Polyld(sGC)] and poly[d(GxC)] 

As described previously, both these thio DNAs are 
strongly immunogenic (Braun and Lcc, 1988). A total of 
eight monoclonal antibodies were produced from 
poly[d(sGC)] and as judged by SPRIA none of them 
bound to poly[d(GC)].Two of these were chosen for fur- 
ther study; Jel 339 because it showed weak but consistent 
binding to poly[d(lC)] and calf thymus DNA and Jel 343 
because it bound to heat-denatured calf thymus DNA 
and single-stranded poly(dC) and poly(dG) (see Table 5). 
In general, however, both Jel 339 and 343 bound well to 
thio DNAs and not the unmodified forms. 

Relative binding constants were measured by com- 
petitive SPRIA (Table 6). Jel 339 binds well to the immu- 
nogen, poly[d(sGC)] and poly[d(sGsC)], but not to 
poly[d(GsC)]. The binding constant to poly[d(sAT)] is 
about 12-fold lower, whereas binding to the isomer poly- 
[d(AsT)] could not be detected. There was no detectable 
competition with the unmodified duplexes poly[d(OC)] 
and poly[d(lC)] and the binding constant to these poly- 
mers must be at least 1000-fold lower than to 
poIy[d(sGC)]. Thus, Jel 339 prefers a phosphorothioate 
5' to a purine with a preference for guanine. On the other 
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Table 5. Direct SPRIA for antibodies from mice immunized 
with poly(d(sGC)] and poly[d(GsQ] 



% Maximum binding 





Jel 339 


Jel 343 


Jel 347 


PolvrdfGOl 


< 10 


< 10 


< 10 


PolvfdnOl 


15 


< 10 


< 10 


Poly(dG)poly(dC) 


< 10 


< 10 


< 10 


Poly[d(sGC)] 


91 


55 


27 


Poly[d(GsC)] 


35 


79 


100 


Foly[d(sGsC)] 


100 


100 


64 


Poly[d(AT)] 


< 10 


< 10 


< 10 


Poly[d(sAT)] 


37 


36 


47 


Poly[d(AsT)l 


20 


65 


41 


Poly[d(sAsT)] 


29 


81 


66 


Poly(dC) 


20 


60 


84 


Poly(rG) 


23 


79 


84 


Poly(dT) 


< 10 


< 10 


60 


Calf thymus DNA 


12 


< 10 


< 10 


hd calf thymus DNA 


< 10 


16 


< 10 



hand, Jel 343 is competed for by all thio DNAs and does 
not distinguish between a phosphorothioate 5' to a purine 
or 5' to a pyrimidine. A double substitution is preferred 
since both poIy[d(sGsC)] and poly[d(sAsT)] have the 
highest binding constants. Jel 343 will also bind to 
poly(rGdsC) but not the unmodified duplexes, 

Jel 347, produced from poly[d(GsC)l, showed the high- 
est binding to the immunogen but also bound to a variety 
of DNAs and RNAs as well as poly(dT) (see Table 5). 
Preliminary competition experiments (data not shown) 
demonstrated good binding to poly(dT) and other single- 
stranded DNAs so this antibody was not investigated 

Table 6. Relative binding constants for antibodies from mice 
inununized with poly[d(sGC)) 



Relative binding constant 



Nucleic acid 


Jel 339 


Jel 343 


Poly[d(GC)l 


nc" 


nc 


Poly[d(IC)] 


nc 


nc 


Poly[d(sGC)] 


1.0 


1.0 


Poly[d(GsC)] 


nc 


1.2 


Poly[d(sGsC)] 


1.2 


2.3 


Poly(rGdsC) 


nc 


0.16 


Poly[d(AT)l 


nc 


nc 


PoIy[d(sAT)] 


0.08 


0.51 


Poly[d(AsT)l 


nc 


0.30 


Poly[d(sAsT)] 


nc 


1,4 


Poly(dC) 


nc 


nc 


Poly(rG) 


nc 


nc 


Poly(dT) 


nc 


nc 


Calf thymus DNA 


nc 


nc 


hd calf thymus DNA 


nc 


nc 



" nc> no competition was observed at the highest concentration 
tested. Therefore, the relative binding constant is < 0.001. 



further. The origin of such antibodies will be discussed 
below. 

Poly{dsG)poly(dC), poly{dsGypoly(dm^C), poly{dG)' 
poly{dm^C) and po!y[d(Tm'Q] poly[d(sGsA)]. 

These DNAs were of additional interest because they 
can dismutate to triplexes which arc stable under physio- 
logical conditions (Latimer et aL 1989). poly(dG)- 
poly(dm^C) was also, included because even though it 
lacks a backbone modification it was shown previouiily 
to be immunogenic (Lee et a!., 1984). Several antibodies 
were recovered from fusions with poly(dsG)-poly(dC) 
which had specificities exemphfied by Jel 375 and Jel 
453 (see Table 7). Both antibodies show very restricted 
binding; Jel 453 will also bind poly(dsG) poly(dm^C) 
while Jel 375 recognises poly(dG) poly(dC). This appar- 
ently represents the first example of an antibody pro- 
duced with a thio DNA which also bound specifically 
to the unmodified form. Competition experiments, 
however, were disappointing (Fig. 4). Whereas poly 
(dsG) poly(dC) competes well, no competition could 
be detected with poly(dG) poly(dC). Thus the binding 
constant to poly(dG)-poly(dC) is at least three orders of 
magnitude less than to the thio DNA. 

Two types of antibody were produced after immu- 
nizing with poly(dsG) poly(dm^C). By direct SPRIA, Jel 
414 bound to all the DNAs tested and thus was non- 
specific. On the other hand, Jel 462 will only bind to a 
thio DNA within the context of a homopolymer G and 
C sequence. By comparison, Jel 458 is representative of 
three antibodies with similar specificities produced from 
mice immunized with unmodified poly(dG)'poly(dm^C). 
In contrast to Jel 462, Jel 458 binds to all members of the 
poly(dG) poly{dC) family whether modified or not. In 
this case, the m^C appears to be a more important deter- 
minant than the thio modification. This was confirmed 
by competition experiments, and the relative binding con- 
stants are shown in Table 7 (in square brackets). Thus, Jel 
458 has a specificity similar to Jel 68 which was described 
previously (Lee et aL, 1984) 

Finally, poly[d(Tm5C)]'poly[d(sGsA)] was highly 
immunogenic and three monoclonal antibodies were pro- 
duced fronii one fusion (see Table 8). Both Jel 424 and 
425 bind only to thio DNA but wilhiti this group there 
are considerable sequence preferences. Since there is 
detectable interaction with poly[d(sTG)] poly[d(sCA)] 
and poly[d(sAsT)] (which cannot form a triplex) but not 
with poly[d(Tm*C))-poly[d(GA)], it is apparent that the 
antibodies are not recognizing a triplex confonnadon. 
In contrast, Jel 426 has a preference for single-stranded 
poly[d(Tm^C)] with some binding to poly(dC) and heat- 
denatured calf thymus DNA. Presumably, the immu- 
nogen poly[d{Tm^C)]poly[d(sGsA)] upon dismutating to 
a triplex produces single-stranded regions which pro- 
duces a corresponding immune response. 

DISCUSSION 

It was proposed previously that immunogenic nucleic 
acids were nuclease-resistant (Braun and Lee, 1988). The 
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Table 7. Direct SPRIA for antibodies derived from poIy(dsG) poly(dC) and analogues 



% Maximum, binding 



Nucleic acid 


Jel 375 


Jel 453 


Jel 414 


Jel 462 


Jel 458 


Poly(dsG)poly(dC) 


100 


100 


56 


77 


45 [0.2] " 


Poly(dsG)poly{dm'C) 


< 10 


70 


100 


100 


7011] 


Poly(dG)poly(dra'C) 


< 10 


< 10 


25 


< 10 


100 [0.8] 


Poly(dG) poly(dC) 


48 


< 10 


19 


< 10 


77 [0.01] 


PoIy[d(sGC)) 


< 10 


< 10 


71 


< 10 


< 10 


PoIy[d(GsC)] 


< lU 


< 10 


66 


< 10 


< 10 


Poly(dC) 


< 10 


. < 10 


55 


< 10 


< 10 


Poly(dT) 


< 10 


< 10 


40 


< 10 


< 10 


Poly[d(Tm'C))poIy[d(GA)] 


< 10 


< 10 


49 


< 10 


< 10 


Calf thymus DNA 


< 10 


< 10 


77 


< 10 


< 10 


hd calf thymus DNA 


< 10 


< 10 


57 


< 10 


< 10 



^The relative binding constants for Jel 458 are shown in square brackets. 



120 




log(pmoles DNA) 

Fig. 4. Competitive SPRIA for Jel 375. The plate was coated 
with poly(dG) poly{dC) and the competitors were: O. poly(dG) • 
poly(dC); M. poly(dsG) poly(dC). 



results described above support this conclusion. Poly 
fd(sAsT)] is completely resistant to DNase I, and poly 
[d{AsT)] is partially resistant, whereas poly[d(sAT)] is 
rapidly degraded (Latimer e( aL, 1 989). As shown in Fig. 
K there is a perfect correspondence between the degree 
of immunogenicity and the level of nuclease resistance. 
Also, poly[dTsC)]-poly[d(sGA)), poIy[d(sTG)]-poly 
[d(sCA)], poly[d(TC)] poly[d(GrA)] and poly[d(TG)] poIy 
[d(CrA)] are all nuclease-sensitive (data not shown) and 
non-immunogenic. The apparent tolerance of animals 
to unmodified duplex DNA may, therefore, simply be 
due to rapid breakdown of the antigen. 

The monoclonal antibodies produced from the immu- 
nogenic nucleic acids can be assigned to four different 
categories. The first type is specific for the antigen and 
shows Hmiled crossreactivity. For example. Jel 384 is 
specific for poly{dsA) poly(dT), Jel 453 and 462 for 



Table 8. Direct SPRIA for antibodies from mice immunized with 
po ly(d(Tm'C)] • poly(d( sGs A )] 



% Maximum binding 



Nucleic acid 


Jel 424 


Jel 425 


Jel 426 


Poly(d(Tm-C)]poly[d(sGsA)] 


100 


60 


59 


Poly[d(Tm-C)]poly(d(GA)) 


<I0 


<10 


< 10 


Poiy[d(TC)]poly[d(sGsA)] 


45 


31 


< 10 


Poly[d(TC)]poly[d(GA)] 


<I0 


<10 


' < 10 


Poly[d(TsG)] poly[d(CA)] 


14 


<10 


< 10 


Poly(d(sTG)]poly(d{sCA)] 
Poly[d(Tm^C)] 


25 


7 


< 10 


<I0 


<10 


100 


Poly(dC) 


<10 


<I0 


39 


Poly(dT) 


<10 


<10 


< 10 


Poly(dsG)poIy(dC) 
Poly(dsG)poly(dm-C) 


16 


<10 


< 10 


18 


<10 


< 10 


PoIy(dsA)poly(dT) 


82 


40 


< 10 


Poly(dA)-poIy(dT) 


<I0 


< 10 


< 10 


Poly[d(sAsT)] 


43 


100 


< 10 


Calf thymus DNA 


<I0 


< 10 


< 10 


hd calf thymus DNA 


<I0 


< 10 


62 
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poly(dsG)-poly(dC) and poly (dsG)- poly (dm^C), and Jel 
332 and 334 for poly(rGdC) and related family members. 
It is interesting that neither Jel 332 nor 334 will bind to 
poly(dGrC). This can be explained by the fact that mixed 
polymers can adopt a number of unique conformations 
depending on whether the purine or pyrimidine is 5' to 
the ribose or deoxyribose (Hung et al, 1994). Also 
included in this group would be Jel 339 which requires a 
purine 5' to a phosphorothioate. In general, these anti- 
bodies must recognize sequence and/or conformation. 

The second type binds to most modified duplexes but 
will not bind to unmodified nucleic acids. For example, 
Jel 343 binds to many thio DNAs regardless of whether 
the phosphorothioate is 5' to a purine or pyrimidine. 
Similarly, Jel 424 binds to thio DNAs containing alter- 
nating pyrimidine/purine as well as homopolymer pyrim- 
idine-purine sequences. Jel 346 binds well to most ribose- 
containing polymers and, therefore, may be a useful 
reagent for the detection of the *A' family of confor- 
mations. 

In the third category must be included those antibodies 
which bind to most nucleic acids whether modified or 
not. This includes Jel 371, 372, 385 and 414. Since they 
recognize neither structure nor sequence, they must bind 
nucleic acids through ionic interactions with the phos- 
phodiester backbone. From this point of view they arc 
reminiscent of many autoimmune antibodies which also 
tend to show little specificity (Stollar, 1991, 1994). 

The fourth type is single strand-specific and is exem- 
plified by Jel 383 which is poly(dT) specific and Jel 426 
which binds to poly(dTm^C). As mentioned above, they 
may arise from melting or dismutation of the duplex to 
single strands. Similarly, immunization with poly- 
(dl)-poly(dC) gave rise to poly(dI)-specific and poly(dC)- 
specific antibodies but not to duplex specific antibodies 
(Braun et al., 1986). On the other hand, antibodies which 
bind to poly(dT) are a major component of autoimmune 
serum and low levels are found in unimmunized mice 
(StoUar et aL, 1962; Sibley ei aL, 1986 and unpublished 
observations). Thus, this type of antibody may not 
necessarily arise from stimulation by the immunogen. 
For example, Jel 347 was produced from a mouse which 
apparently had been immunized with poly[d(sGC)] yet it 
bound well to poly(dT). Again these antibodies appear to 
be closely related to those found in autoimmune diseases. 

The fifth type of antibody, namely one which was 
sequence-specific and bound to the unmodified form, was 
not found. Jel 375 was tantalizing because it bound lo 
both poly(dsG)-poiy{dC) and poly(dG) poly(dC) by di- 
rect SPRIA but was competed against only by poly(dsG)- 
poly(dC). This result shows quite clearly that the direct 
SPRIA is exquisitely sensitive and can detect very weak 
binding. Since antibody/DNA binding is likely to be 
dominated by ionic interactions with the phosphodiester 
backbone, weak or non-specific binding to related struc- 
tures may be inevitable. Alternatively, poly(dG) poly(dC) 
may adopt a different conformation when bound to the 
PVC plate and it is to this conformation that Jel 375 
binds well. Changes in nucleic acid conformation may 
also explain why no competition was observed for other 



antibodies such as Jel 371 and 372 (Table 1) for which 
binding could be detected by direct SPRIA. At present, 
there is no suitable technique to investigate this phenom- 
enon. 

An antibody which bound to the unmodified polymer 
was anticipated because serum antibodies from mice 
immunized with a modified DNA bound to the unmodi- 
fied form (Braun and Lee, 1988). There are several poss- 
ible reasons for the failure to produce this type of 
monoclonal antibody. First, the serum could contain 
antibodies like Jel 375 which binds very weakly to the 
unmodified DNA. Second, the scrum could contain anti- 
bodies like type III above which show little overall speci- 
ficity. Finally, the antibodies we were seeking may be a 
very small subset of the immune response and thus by 
chance none was detected. Since more than 50 mono- 
clonal antibodies were investigated in this study, their 
frequency must be very low. Overall it is clear that immu- 
nization with modified DNAs is not a viable method 
for the production of sequence specific antibodies which 
crossreact with the unmodified form. 

The type I and II antibodies which only bind to ihio 
DNAs are of considerable interest because it is noi cleat 
how this degree of specificity is achieved. Positive rec- 
ognition of a POS compared to a PO^ group is difficult 
to envisage because the charge density is expected to be 
similar, i.e. ' "-O-P-S'^^" (Suggs and Taylor, 1985; Frey 
and Sammons, 1985). Also, the Van der Waals radius 
of S is 1.85 A compared to 1.40 A for O (Cotton and 
Wilkinson, 1966). Therefore, a pocket in the antibody 
which can fit a POS should also be able to accept a PO^ 
group. On this basis, it seems likely that the specificity 
for thio DNAs is based on conformational changes in the 
sugar-phosphorothioate backbone. On the other hand, 
autoimmune antibodies bind well to thio DNAs; for 
example, Jel 242 shows little preference for poly[d(GC)] 
compared to poly[d(«GsC)] and Jel 241 cannot dis- 
tinguish between poly[d(AT)] and poly[d(sAsT)] (Braun 
and Lee, 1988; Latimer et aL, 1989). Others produced by 
immunization such as Jel 332, 334 and 458, described 
above, even appear to prefer thio DNAs. For example, 
Jel 332 raised against poly(rGdC) binds 53-fold better to 
poly(rGdsC) than the immunizing polymer. Thus in these 
cases, even though there are some changes in binding 
constant, the POS is not excluded from the PO.-binding 
site. A better understanding of this puzzling molecular 
recognition will have to await structural studies on a ihio- 
specific antibody. 

From the perspective of antiiiense oligonucleolides, llie 
implication is clear; the longer the lifetime of an oli- 
gonucleotide in scrum, the more likely it is to produce an 
immune response. Also, the antibodies which arc pro- 
duced will be of several types. Types I and 11 will bind to 
the oligonucleotide, reducing its effective concentration- 
Types 111 and IV may crossreact with unmodified DNA 
and behave Hke autoimmune antibodies. These problems 
may seriously limit the therapeutic usefulness of antisense 
technology. 
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An Adenovirus Vector for Gene Transfer into 
Neurons and Glia in the Brain 

G. Le Gal La Salle, J. J. Robert, S. Berrard, V. Ridoux, 
L D. Stratford-Perricaudet, M. Perricaudet, J. Mallet* 

The efficient introduction of genetic material into quiescent nerve cells is important in the 
study of brain function and for gene therapy of neurological disorders. A replication-deficient 
adenoviral vector that contained a reporter gene encoding p-galactosidase infected rat nerve 
cells in vitro and in vivo. p-Galactosidase was expressed in alnnost all sympathetic neurons 
and astrocytes In culture. After stereotactic inoculations Into the rat hippocampus and the 
substantia nigra, p-galactosidase activity was detected for 2 months. Infected cells were 
identified as microglial cells, astrocytes, or neurons with anatomical, morphological, and 
Immunohistochemical criteria. No obvious cytopathic effect was observed. 



The ability to deliver foreign genes and 
promoter elements directly to terminaliy 
differentiated cells of the nervous system, 
which no longer proliferate, would be de- 
sirable for the study of the function and 
regulation of cloned genes as well as for 
gene therapy. Althou^ a possibility is of- 
fered by defective herpes simplex virus vec- 
tors (J), their usefulness has been limited 
by their poor efficiency of infection and 
their pathogenicity. Here, we show that 
adenovirus, whose natural target is not the 
nervous system but the respiratory epitheli- 
um (2), has the ability to infect nerve celb« 
The gene transfer and expression of adeno- 
virus are highly efHcient both in vitro and 
in the intact rat brain. 

In addition to nonreplicatlve infection, 
adenovirus has several assets (3). Its ge- 
nome can accommodate foreign genes of up 
to 7-5 kb. It has a large host range and low 
pathogenicity in humans, and high titers of 
the virus can be obtained (4). We used a 
replication-defective adenovirus, Ad.RSV- 
pgal, which expressed a nuclearly targeted 
P-galactosidase (p-gal) cDNA under con- 
trol of the Rous sarcoma virus long terminal 
repeat (RSV LTR) promoter (5). We tested 
the ability of this vector to infect primary 
cultures of sympathetic neurons of superior 
cervical ganglia (SCG). These cells, cul- 
tured in the presence of an antimitotic 
agent, provided a pure and homogeneous 
preparation of neurons (6). After inocula- 
tion of the virus, virtually all cells were 
positive for P-gal activity (7), with no 
apparent toxic effects or morphological 
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changes (Fig. 1, A and B). Labeled cells 
were not detected when the staining reac- 
tion was performed on a parallel, noninoc- 
ulated culture (Fig. IC). We also tested the 
ability of adenovirus to infect primary cul- 
tures of rat hippocampal tissue that were 
enriched in astrocytes (8). Inoculation re- 
sulted in a blue nuclear sbiining in about 
two-thirds of the cells (Fig. ID). The iden- 
tification of stained cells as astrocytes was 
confirmed by additional staining with an 
antibody against glial fibrillary acidic pro- 
tein (GFAP) (Fig. IE). 

We next evaluated the ability of adeno- 
virus to infect cells of the brain in vivo in 
two regions, the hippocampus and the sub- 
stantia nigra (9). AH injected animals ex- 
pressed p-gal activity and P-gal protein, 
which were detected as early as 24 hours 
after inoculation and also in animals ana- 
lyzed after 2 months. Tlie diffusion of the 
virus was greater in the hippocampus than 
in the substantia nigra. Infected cells were 
found throughout the entire dorsal region of 
the hippocampus (Fig. 2), whereas in the 
substantia nigra the overall pattern of in- 
fection was restricted mainly to a medial- 
lateral orientation (Fig. 3D), This differ- 
ence may reflect the propensity of the virus 
to spread through tissues that adhere loose- 
ly, such as the hippocampal fissure. 

The extent of the infected area was cor- 
related to the voluinc of viral solution ad- 
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ministered. For instance, in rats killed 3 co 7 
days Mfter hippocampal inoculation, the in- 
fected area was 1 to 4 mm^ for 3 to 5 p.! of 
virus injecred [I0'° plaque-forming units 
(PFU) per milliliter]. Only minor differences 
in the distribution of the labeling were noted 
within the first week after inoculation (Fig. 
2, A and B). At a longer time, however, the 
extent of the infected area was more restrict- 
ed and the labeling was confined to the 
granule cell layer (Fig. 2C). 

No cytotoxic effects in the infected ani- 
mals were apparent. All recovered from the 
inoculation procedure without behavioral ab- 
normalities. Examination of the virus-infect- 
ed brains revealed no enlargement of the 
lateral ventricle or disruption of the normal 
anatomy of the stnictures. The only notice- 
able alteration was local tissue necrosis and 
reactive gliosis that were restricted to the 
injected sites. This phenomenon was largely a 
result of injection trauma because a similar 
alteration was observed in animals that had 
been injected with saline. Finally, analysis of 
hippocampal cells with Nissl staining showed 
no cell loss or evidence of cytolysis within the 
pyramidal or granule cell layers. 

We then characterized the infected cell 
types. At early times (1 to 7 days), many of 
the p-gal-stained cells exhibited a mor- 
phology characteristic of microglial cells in 
both regions. These small cells had fine, 
highly branched processes extending radial- 
ly from the cell body (Fig. 3, A to C). Their 
identification as microglial cells was con- 
firmed by additional labeling with the anti- 
body 0X42, which is directed against type 
3 complement receptors (JO), and with 
B4-isolectin (/J). Some of the infected 
cells were astrocytes, as demonstrated by 
double staining with the X-gal substrate and 
an antibody directed again.st GFAP. 

We next determined whether neurons 
also were infected in both cerebral regions. 
In the substantia nigra, double-labeling ex- 
periments demonstrated coexpression of 
p-gal and immunoreactivity for tyrosine hy- 
droxylase (TH), a classical marker of cate- 
cholaminergic neurons (Fig. 3D). About 
50% of the p-gal-positive cells within the 
infected dopaminergic cell area were marked 



Fig. 1. Expression of |)-gal 
in primary cultured cells af- 
ter inoculation by adenovi- 
rus Ad.RSVpgal. (A and B) 
Virtually all the SCG neurons 
{13) expressed p-gal. (C) In 
the absence of (he virus, no 
labeling was observed. (D) 
In enriched astroglial cul 
lures (M), about two-thirds 
of the cells were labeled. (E) 
Additional staining with GFAP 
(Dakopatts. Glostrup, Den- 
mark. 1:500 dilution, fluo- 
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rescein-conjugated secondary antibody) confirms that the cells are astrocytes. Scale bars, 200 p.m. 
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with a TH antibody, which thereby demon- 
strates that dopaminergic neurons were in- 
fected (Fig. 3, E to G). In the hippocampus, 
which is composed of segregated and lami- 
nated cellular subgroups, numerous p -gal- 
stained cells were unambiguously identified 
as neurons on the basis of morphological and 
anatomical characteristics (Fig. 3, H to J)» 
Recognition of the cellular type was further 
facilitated because a few cells revealed a 
Golgi-like profile as a result of the diffusion 
of P-gal eniyme. These positively stained 
cells could be identified as pyramidal neu- 
rons, granule cells, and hilar intemcurons in 
the pyramidal cell layer CAl, the granule 
cell layer, and the hilus of the dentate gyrus, 
respectively (Fig. 3, H to J). 




In rats killed 1 and 2 months after inoc- 
ulation, the distribution of P-gal-positive 
cells was more restricted than what had been 
observed at earlier times. Although micro- 
glial cells represented a large number of 
P-gal-exprcssing cells up to 1 week after 
injection into the hippocampus, their num- 
ber decreased at longer post-infection times. 
Most of the labeled cells at 1 month were 
neurons of the stratum granulosum (Fig. 4). 



Fig. 3. Characterization of 
glial and neuronal cell 
types infected by direct in 
vivo inoculation of the ade- 
novirus Ad.RSVpgal. (A to 
C) Immunohistochemical 
detection of p-gai expres- 
sion in microglial cells 5 
days after the injection into 
the hippocampus. Immu- 
nological reaction was pro- 
cessed with peroxidase re- 
inforced with nickel (A) and 
with fluorescein-conjugat- 
ed secondary antibody (B 
and C). (D to G) Sections 
across the substantia ni- 
gra. Three days after 
intranigral inoculation, a 
dense blue p-gal staining 
was detectable in a great 
number of nigral cells (D), 
most of which were also 
shown to be double-la- 
beled with TH monoclonal 
antibodies (E to G) (Boeh- 
ringer Mannheim, 1 :2(X) di- 
lution). Panel (E) is a higher 
magnification of the area 
with the highest density of 
p-gal-positive cells in (D). 
Arrows In (F) and (G) indi- 



As determined in sections counterstained 
with cresyl violet, p-gal-positive celb were 
restricted to the granular layer, and no pos- 
itive cells were seen in the ituiermost part of 
the layer chat includes most of the basket 
cells and a few glial cells. The same pattern 
was also obtained at 2 months. Thii lesrric- " 
tion in the pattern may reflect a change in 
the RSV LTR promoter activity; the activity 
of the RSV LTR promoter may be more 






cate cells double-stained for p-gal and TH. (H to J) Sections across the hippocampus. Pyramidal 
cells in CAl (H and I) and granule cells in the dentate gyrus (J) are labeled, p-gal activity was 
revealed by Immunohistochemistry as in. (A). The cells in (D) to (G) were processed with 
histochemistry; In addition, the cells in (D) to (J) were labeled with antibodies. Scale bars: 30 ^im In 
(A), 300 jtm in (D). and 100 ^tm in (E) and (H). Abbreviations are as in Fig. 2 except for snc, 
substantia nigra pars compacta; snr, substantia nigra pars reticulata; sp, stratum pyramidale; so. 
stratum orlens; and sr. stratum radiatum. 



Flfl. 2. General patterns of p-gal expression 
after unilateral intrahlppocampal Inoculation of 
the vims Ad.RSVpgal. (A) Staining with X-gal 
and fushin (Gurr. England) in a 40*M''^-lhick 
frontal section of the brain of a rat killed 24 
hours after Injection. (B) Immunohistochemical 
detection of p-gal 1 week after injection. The 
primary antibody was an affinity-purified rabbit 
immunoglobulin G fraction to p-gal (Cappel, 
Organon. West Chester. Pennsylvania, 1:800 
dilution) that was then bound with a streptavi- 
din-biotinylated peroxidase complex (Amer- 
Sham) with diamlnobenzidine as a chromogen, 
reinforced with nickel. (C) Distribution of p-gal- 
positive blue cells in the dentate gyrus of the 
hippocampus 1 month after injection. Counter- 
staining is shown in neutral red. Scale bar, 300 
pm\ h, hilus; hf, hippocampal fissure; ml. mo- 
lecular layer; sg. stratum granulosum. 




Fig. 4. Distribution of 
p-gal-positive cells in the 
dentate gyrus 1 month af- 
ter Ad.RSVpgal inocula- 
tion. (A) Photomicrograph 
stained for p-gal expres- 
sion with X-gai histochem- 
istry. The cells that are 
stained blue were ob- 
served in the dentate gyrus 
of the injected left hippo- 
campus. Scale bar. 1 mm. 
(B) Dentate localization of 
infected cells was con- 
firmed by immunohisto- 
chemical p-gal detection . 
(staining with peroxidase plus nickel). Scale bar. 300 jun. (C) High magnKicalion view showing the 
targe number of densely packed. p-gaWabeled cell nuclei in the granule cell layer of the dentate 
gyrus. Abbreviations are as in Fig. 3. 
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stable in neurons than in glial cells. Another 
possibility is that the virus may be trans- 
ferred from one cell type to another, as has 
been described for rabies and herpes viruses 
(12). 

The use of adenovirus vectors provides a 
method to study the function of cloned 
genes, which is complementary to that of 
transgenic animals. For instance, infection 
of the hippocampus would be useful for the 
study of integrated phenomena such as 
long-term potentiation. The possibility of 
selecting the time at which a particular 
gene is to be expressed is important when 
the expression of a transgene in early devel- 
opment is deleterious to the animal. In the 
context of degenerative diseases, it may also 
be possible to express neurotransmitters or 
growth factors locally as an alternative to 
the grafting of fetal cells. 
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CD40 Ligand Gene Defects Responsible for 
X-Linked Hyper-IgM Syndrome 

R. Cutler Allen, Richar(j J. Armitage. Mary Ellen Conley, 
Howard Rosenblatt, Nancy A. Jenkins, Neal G. Copeland, 
Mary A. Bedell, Susanna Edelhoff, Christine M. Disteche, 
Denise K. Simoneaux, William C. Fanslow, John Belmont, 
Melanie K. Spriggs* 

The ligand for CD40 (CD40L) is a membrane glycoprotein on activated T cells that induces B 
cell proliferation and immunoglobulin secretion. Abnomrialities in the CD40L gene were asso- 
ciated with an X-linked immunodefidency in humans [hyper-IgM (immunoglobulin M) syn- 
drome]. This disease is characterized by elevated concentrations of serum IgM and decreased 
amounts of all other Isotypes. CD40L complementary DNAs from three of four patients with this 
syndrome contained distinct point mutations. Recombinant expression of two of the mutant 
CD40L complementary DNAs resulted In proteins incapable of binding to CD40 and unable to 
induce proliferation or IgE secretion from normal B cells. Activated T cells from the four affected 
patients failed to express wild-type CD40L, although their B cells responded normally to 
wild-type CD40L Thus, these CD40L defects lead to a T cell abnormality that results in the 
failure of patient B cells to undergo immunoglobulin class switching. 



Human hyper-IgM immunodeficiency is a 
rare disorder characterized by normal or ele- 
vated serum concentrations of polyclonal 
IgM and markedly decreased concentrations 
of IgA, IgE, and IgG (i, 2). Reports of 
X-linked, autosomal recessive, autosomal 
dominant, and acquired forms of the disor- 
der indicate genetic heterogeneity and that 
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several different pathologic mechanisms may 
be responsible (2, 3). In the X-linked form 
of hyper-IgM syndrome, affected males usu- 
ally experience the onset of recurrent infec- 
tions in the first year of life. Affected males 
have normal numbers of circulating \S and T 
lymphocytes, although lymph node hyper- 
plasia with an absence of germinal centers is 
common (I, 2). This condition is lethal in 
the absence of medical intervention; howev- 
er, patients typically respond well to a main- 
tenance therapy consisting of intravenous 
treatment with 7 globulin. 

The cellular abnormalities that underlie 
tl)e various fomis of hyper-IgM syndrome are 
unclear. Studies of patterns of X chromo- 
some inactivation in obligate carrier females 
indicate a randomized pattern of X chromo- 
some usage in either B or T lineage cells, 
which suggests that the defect does not alter 
maturation of these cells by cell autoi iomoui; 
mechanisms (4) . Some studies have suggest- 
ed that the affected phenotype is likely a 
result of B cell dysfunction insofar as patient 
B cells treated with polyclonal B cell activa- 
tors, such as poke weed mitogen, could not 
be induced to switch to IgG or IgA produc- 
tion (5), Other reports suggest that the 
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ABSTRACT 

Syntheses of non ionic ollgodeoxynucleoside 
phosphoramidates (P-NH2) and mixed phosphorami- 
date-phosphodiester oligomers were accomplished 
on automated solid supported DNA synthesizer using 
both H-phosphonate and phosphoramidite chemistries, 
in combination with f-butylphenoxyacetyl for N- 
protection of nucleoside bases, an oxalyl anchored 
solid support and a final treatment with methanolic 
ammonia. Thermal stabilities of the hybrids formed 
between these new analogues and their DNA and RNA 
complementary strands were determined and compared 
with those of the corresponding unmodified oligo- 
nucleotides, as well as of the phosphorothioate and 
methylphosphonate derivatives. Dodecathymldines 
containing P-NH2 links form less stable duplexes with 
DNA targets, d{C2Ai2C2) (ATm/modiflcation -1.4°C) 
and poly dA (ATm/m edification -1.1 "C) than the 
corresponding phosphodiester and methylphosphonate 
analogues, but the hybrids are slightly more stable 
than the one obtained with phosphorothioate derivative. 
The destabilization Is more pronounced with pofy rA as 
the target (ATm/modiflcation -S'^C) and could be 
compared with that found with the dodecathymidine 
methylphosphonate. The modification is less destabi- 
lizing in an heteropolymer-RNA duplex (ATm/ 
modification -2''C). As expected, the P-NH2 
modifications are highly resistant towards the action 
of various nucleases. It is also demonstrated that an 
all P-NH2 oligothymldine does not elicit Escherichia 
coli RNase H hydrolysis of the poly rA target but that 
the modification may be exploited In chimeric oligo- 
nucleotides combining P-NH2 sections with a central 
phosphodiester section. 

INTRODUCTION 

The use of natural oligonucleotides as therapeutic agents in an 
antisense approach in which the target is RNA or DNA, suffers Irom 
ckawbacks such as their inherent instabihty towards degradation by 



extra and intra-cellular nucleases ^md their relatively poor cellular 
uptake ( I ). Attempts to produce nuclease resistant oligonucleotides 
and to improve their cellular uptake while keeping the specificity 
of binding to their targets, has resulted in the preparation of 
several phosphodiester backbone modified analogues Qy^). Of 
these, phosphorothioates (4) are the most widely applied 
derivatives of oligodeoxynucleotides for an antisense approach, 
but they remain somewhat susceptible to degradation by nucleases 
(5), are taken up by cells more slowly than phosphodiesters and 
present a strong tendency to bind with numerous proteins (6). 
Replacement of the negatively charged oxygen atom in the 
phosphodiester backbone by uncharged groups to produce 
non-ionic ohgonucleotide analogues such as methylphosphonates 
(7) or phosphoramidates (^) would allow them to enter cells by 
an alternative mechanism and confer mcreased nuclease resistance. 
However, methylphosphonates suffer from tlie disadvantage of 
being relatively insoluble in water, aqueous buffers and biological 
media (9). Furthermore, these modifications induce chiraht)^ and 
die binding properties of the resulting diastereo isomers to a 
complementary target are clearly dependent on the orientation of 
the substituted groups around the phosphorus atom (9-1 1). 
Despite the effort, directed towards the stereocontxolled synthesis 
of phosphorothioates (1 2) and methylphosphonates (I":), mixtures 
of heterogeneous ohgomers are largely used which lower tlie 
binding to tlie target (14), To bypass the chirality problem, a 
number of non-phosphate, neutral and achiral linkages have been 
prepared (15,16). However, tlie syntheses of such backbones are 
in general difficult and versatile. Reported preparations are not 
particularly suitable for automated synthesizers to the level at 
which all linkages are modified. The most frequently used strategy 
is to prepare a modified nucleoside dimer, to conveit it in a 
phosphoramidite synllion and to incorporate it into an ohgonucleo- 
tide sequence where modified linkages are altematetl wiih uonnal 
phosphodiesters (LS). In such ohgomers, tlie polyanionic cliaracter 
is reduced, but not suppressed and these modifications do not 
necessarily provide increased cellular uptake as well as a total 
nuclease resistance. For that reason and altliough tlie automatic 
synthesis of non-ionic phosphoro oligonucleosides caiHiot be 
rendered stereospecific for tlie time being, tliese phosphoro 
analogues stay attractive because they can be prepared in a relatively 
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straightforward manner by minor modifications to the existing 
automated DNA synthetic methods. 

If it has been clearly demonstrated that the ne^tive impact of 
stereoisomerism on hybridization is enhanced with bulky 
substitueats (8). It is assumed that the influence of a modification 
on the stabihties of duplexes also results from the disturbance of 
the spin of hydration around the modified phosphate groups 
(8, 17). The amides of phosphorus acid are known to have good 
solvating properties (18). Fxirthermore, in phosphoramidates 
(P-NH2), the fact that the NH2 group is small, uncharged in 
aqueous solution and forms hydrogen bonds readily (19), gives 
them favourable solubility ch^acteristics required for hydration, 
with a minimum steric hindrance around the phosphorus atom, 
and makes them attractive potential candidates for non-anionic 
analogues of ohgonucleotides. The syntheses of/Aalkyl (^^,2C?) and 
AT-alkoxy (2 \ ) phosphoramidate derivatives of DNA have been 
described and their biophysical properties studied. Unfortunately, 
due to the reported decomposition of dithymidine phosphoramidate 
under the base conditions necessary for removal of the common 
heterocycUc A'-acyl protecting groups and release of an oligonucleo- 
tide from the regular succinyl anchored solid support (21?) 
(concentrated ammonia, 55*^C, 5-16 h), syntheses of phosphorami- 
date (P-NH2) ohgonucleotides have been limited to a dimer level 
(19,20,22). However, recent developments in ohgonucleotide 
chemistry on a more labile oxalyl anchored solid support (23) 
combined with the use of monomers possessing highly labile 
protecting groups (24), of mild and rapid deprotection conditions 
(25) have enabled us to synthesise these base-sensitive ohgonucleo- 
tides. In this regard, the use of pent-4-enoyl (26) as nucleobase 
protective group (27) appears very promising, and recently 
allowed the synthesis of various dinucleosides containing a P-N^ 
hnkage (2S). We would like to report here, the first synthesis of 
partially or fidly modified ohgonucleotide phosphoramidates 
(P-NH2) of lengtii sufficient to explore the antisense potential of 
^ese analogues. The nuclease resistance properties of the modified 
oligonucleotides and the thermal stabihties of duplexes formed 
with their DNA or RNA complements have been evaluated and 
compared with those of unmodified oligonucleotide, as well as 
those of the phosphorothioate and methylphosphonate analogues. 

MATERIALS AND METHODS 

Oligonucleotide synthesis 

Syntheses of the ohgodeoxynucleotide analogues were carried out 
on 1 jimol scale using a 381A AppMed Biosystems DNA-synthesiz- 
er. First, nucleoside was linked to LCAA-CPG (500 A, from 
Sigma) by means of an oxalyl linker (2;>). Analogues combining 
phosphodiester and phosphoramidate intemucleoside links were 
prepared by using both phosphoramidite and hydrogen pho^ho- 
nate chemistries. After each coupling step using commercially 
available nucleoside-cyanoettiyl phosphoiamidites and appropriate 
reagents (from Milhpore), the intermediate phosphite triesters were 
oxidized by a 1 min treatment with a 1.1 M solution of 
/-butylhydroperoxide in dicMoromethane. H-phosphonate couplings 
were carried out using deoxynucleoside H-phosphonate derivatives 
(24) and standard reagents from Glen Research. At the end of the 
chain elongation, oxidative amidation was performed manually by 
treating CPG linked oligonucleotide with a saturated solution of 
ammonia in carbon tetrachloride/dioxan (4/1, v/v) for 30 min at 
0*C (20). After filtration, the oligomers were released from the 



solid support and deprotected with a treatment with saturated 
methanohc ammonia at 20*^C over 2 h for phosphodiester/phos- 
phoramidate oligomers 1, 2, 3 and 7, and 5 min for the frilly 
modified P-NH2 ohgomers 4 and 6 (Table 1 ). 

HPLC methods 

HPLC was performed on a Waters-Millipore instrument equipped 
witli two M510 solvent dehvery systems, a M680 solvent 
programmer, a U6K injector and a M990 diode array U V detector. 
Oligonucleotides were purified by reverse-phase HPLC on a 
Delta-pack preparative column (7.8 X 300 mm, CI 8, 5 jum, 
Milhpore) iLsing a gradient of acetonitrile from 10 to 25% in 0.05 M 
trietliylammonium acetate butfer (pH 7) in 40 min at a flow rate of 
2 ml/min. The desired fractions were combined, evaporated, 
dissolved in water and lyoplrihsed. Purity of the samples was 
checked by HPLC at 260 mn on a Nucleosil analytical column 
(4.6 X 150 mm, CI 8, 5 )iim, Macherey-Nagel) using a gradient of 
acetonitrile from 0 to 30% in 0.05 M triethylammonimn acetate 
buffer (pH 7) in 30 min at a flow rate of 1 ml/min. Using this 
procedure, 7-20 A26O units of purified ohgomers were isolated in 
each case. 

Mass spectrometry 

Mass spectra were recorded on a SSQ 7000 quadrupole mass 
spectrometer (Finnigan MAT, San Jose, USA) fitted with an 
electrospray interface. Samples (fmal concentration 30 pM) were 
dissolved in water-methanol (v/v, 1:1) contauiing triethylninuic 
(1 .5%) and introduced into the mass spectrometer at a 1 U |il/nmi 
flow-rate with a Harvard Apparatus 22 pump model, llie negative 
ion electrospray mass spectra were transfonned into real mass 
spectra, using the DEC-Fiiuiigan software. 

NMR measurements 

^ ' P-NMR spectra were recorded on a Briiker AC 250 spectrometer 
at 100 MHz. Samples were dissolved in D2O. Chemical shifts 
values are in p.p.m. relative to external 85% H3PO4. 

Formic acid mediated degradation of 
d(ACACCCAATTCT) analogues (29) 

One A26O unit of oligonucleotide was dissolved in 90% <iqucoiis 
formic acid (1 ml) and the resulting solution was heaLcel ciL 1 20' ' C 
for 12 h. After cooling, the solution was evaporated to dryness 
under reduced pressure, and the residue was dissolved in 0.1 M 
triethylammonium acetate buffer, pH 7 (0.2 ml) for HPLC 
analysis (Nucleosil analytical colunm, 4.6 x 150mm, CIS, 5 |Lmi, 
Machcxey-Nagel, eluent 0.05 M triethylammonium acetate, pH 6.9, 
flow rate of 1 ml/min). The base composition of the ohgonucleotides 
6, 7 and 8 was confirmed after applying this degradation, which 
cleanly liberated the purine and pyrimidine bases (Cyt, 3.03 min; 
Thy, 7.59 min; Ade, 17.63 min) and quantification of the peak 
areas at 260 nm, using an equimolar mixture of the three bases as 
standard. 

Melting temperatures 

Melting curves were recorded on a UVIKON 931 speciroplioto- 
meter (Konfron). The temperature control was through a HUBER 
PD 4 1 5 temperature programmer connected to a refrigerated water 
batli (Huber Ministat). Typical experiments were carried out with 
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equimolar ratio of modified oligomers and their targets in a 1 0 mM 
sodium cacodylate buffer (pH 7 or pH 5.45) containing 10 mM, 
100 mM or 1 M sodixim chloride. The samples were preheated at 
75 ''C, and Ihe change in absorbance at 260 nm as a ftmction of the 
temperature was recorded The cooling or heating rate was 
0.5°C/min. The cell compartmeait was continuously flushed with 
dry nitrogen for temperatures below rooni temperature. Tm values 
were determined from the maxima of the first derivative plots of 
absorbance versus temperature. 

Enzymatic hydrolysis experiments 

Snake venom phosphodiesterase (SVPDE) (Proicdus durissus). 
Nuclease SI {Aspergillus oryzae) and Calf spleen Phosphodiesterase 
II (CSPDE) were purchased from Boehringer. The oligothymidines 
(2 A260 U) were incubated at 37^*0 in either: 1 0 ^1 50 mM sodium 
acetate buffer (pH 4.5), 300 mM sodium chloride, 100 mM zinc 
acetate added with 70 jxl of water containing 2 U nuclease SI; 
100 jil of 100 mM Tris-HCl buffer ft)H 9), 10 mM magnesium 
chloride added with 2 |il of the commercial solution of SVPDE 
(3 U/ml); or 80 \i\ of 125 mM ammonium acetate buffer (pH 6.8), 
2.5 mM EDTA containing 2 |lll of the commercial solution of 
CSPDE (0.5 U/ml). Ahquots were analysed using the analytical 
conditions described in HPLC methods. 

RNase H digestion of poly rAyoligothyniidine analogues 
duplexes 

Escherichia coli RNase H was purchased from Pharmacia. These 
experiments were perfonned with oligothymidylate analogues 
and poly rA (240 ^iM in nucleotide concentration for each strand) 
in 10 mM Tris-HCl buffer (pH 7), 10 mM magnesium cliloride 
and 100 mM sodium chloride (500 jil). The samples were 
preheated at 70*^ C, allowed to slowly cool down to O^C, then the 
temperature was stabilised at 20''C before adding the enzyme (5 U). 
Digestion curves were obtained by plotting the absorbance at 
260 nm as a function of time. 

RESULTS AND DISCUSSION 

Preparation of oligo nucleosides containing 
phosphoramidate (P-NH?) linkages 

Standard synthesis of oligonucleotides anchored by a succmyl 
linker to controlled pore glass (CPG) support, requires an ultimate 
chemical step with concentrated ammonium hydroxide at 55°C 
for 5-16 h to release the oligonucleotides from the solid support 
and completely remove nucleobase and phosphodiester protecting 
groups. Although a number of //-alkylphosphoramidate ohgo- 
nucleotide derivatives (8) have been prepared using this current 
methodology, the synthesis of less hindered P-NH2 analogues has 
been limited to the preparation of dinucleotides (H;,20,22) or 
trinucleotide (28). This is due to tiie fact that tlie P-NH2 linkage 
could not survive the drastic ammonia treatment. Indeed, it has 
been shown that a dithymidine phosphoramidate (P-NI^) was 
rapidly hydrolysed under such alkaline treatment (t]/2 1 5 min) 
(20) affording a mixture of thymidine and corresponding 3'- and 
5'-phosphoramidic acid monoesters (.?.2,?M}). Fortunately, we 
found that a treatment with saturated methanolic ammonia gave 
appreciably less degradation of this dimer (tj/2 3.8 days). This mild 



treatment has been used to deprotect base-sensitive oligonucleotides 
such as RNA andmethylphosphonates (24) as well as ohgonucleo- 
side A^-alkoxyphosphoramidates (21). Under tliese conditions, the 
release of an oligonucleotide from an oxalyl anchored solid support 
is quantitative after 5 min at room temperature (2 r>), and the 
complete removal of cyanoetliyl phospliate protecting groups is 
achieved within 2 h at room temperature Q. \ ,24). We est i mated lliat 
<1 .5% of a P-NH2 linkage wiU be degraded (after 2 h treataient with 
metiianohc ammonia) on an oligonucleotide containing both P-Nt^ 
and P-0~ (initially protected with cyanoethyl) linkages, wliich is 
quite acceptable. 

To examine the effect of the modification on binding capacities, 
several analogues of 4odecatiiymidylate5 were prepared (Table 1 ). 
Oligomer 1 was synthesized with one modification placed in tlie 
middle of the sequence. In compound 2, modified linkages were 
alternated with normal phosphodiesters, in such a way that the 
oligomer had six phosphoramidate and five phosphodiester inter- 
nucleoside bonds. In the oligothymidine 3, an internal part of five 
adjacent phosphodiesters was surrounded by two tenninal sections 
of tiiree contiguous phosphoramidates. In dodecathymidine 4, 
natural phosphodiester linkages were completely icphiccd b)' 
phosphoramidate ones. In addition, two analogues of tlie mixed-base 
dodecanucleoside 8 complementary to the splice acceptor site of 
mRNA coding for HIV-1 tat protein (31) were synthesized 
(Table 1). In the oligomer 7, as for compound 3, an internal part 
of five adjacent phosphodiesters was surrounded by two terminal 
sections of tliree contiguous phosphoramidates. Finally, oligo- 
nucleotide 6 was fully modified. In order to obtain phos^liodiester 
and phosphorainickite linkages in Uie Siunc oligomer, cy;uiodhyl 
phosphoramidite and H-phosphomite cheimstnes were respectively 
employed. As it has been demonstrated thatZ-butylliydroperoxide is 
able to selectively oxidize phosphite triester intennaliatcs into 
phospliate triesters without affecting H-phosphonate linkages p2), 
tliis reagent was used instead of the common iodine treatment after 
each phosphoramidite coupling step. Tlien, tlie H jihospliojiaie 
diesters were oxidized into phosphoramidate linkages, by Iretitment 
witli a satumted solution of ammonia in dioxan/CCU (2C:). As 
classical amino protecting groups are routinely removed under 
drastic conditions (concentrated aqueous ammonia, 5-1 6 h at 55°C), 
7S^-/-butylphenoxyacetyl protected nucleoside pliosplioramidites and 
H-phosphonates (24) were employed during the synthesis of 
heteropolymers 6 and 7, in combination with /-butylphenoxyacetic 
anhydride as capping reagent In our hands and in conti-ast to what 
has been reported in the hterature (24), the coupling efficiency of the 
H-phosphonate salts of deoxyadenosine and deoxycytidine was 
much lower (<90%) than the one of the con-esponding phospho- 
ramidites (>98%) and may account for the low yields ol' purified 
compounds (Table 2). Finally, tiie oligonucleotides were deprotccted 
and removed trom tlie solid support by treatment wjih satiuiUeti 
methanoHc ammonia at room temper^iture (2 h for oligomers 1, 2, 
3 and 7; 5 min for compounds 4 and 6). 

Tlie cliromatograms of 3 and 4 (Fig. lA) fire representative 
analyses of the products released fi*om the soHd support after tlie 
ammonia treatment. The ohgonucleotides were purified by reverse 
pliase HPLC. Figure I B depicts the chromatogrcims of compounds 
3 and 4 obtained after purification. Owing to tiie absence of charge 
on phosphoramidate linkages, retention times of Uiose tmalogues on 
reverse phase HPLC increase with the number of modifiaitions 
(Table 2). 
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A . 




B 

eon^dimd 3 



Figure 1. HPLC profiles at 260 nm of 3 and 4. (A) Crude product mixtures recovered from solid support (B) After purification of products obtained from (A). 



Table 1. Oligonucleotides synthesized 



Oligonucleotide sequences 



1 


(dTp)5dTpn(dTp)5dT 


2 


(dTpndTp)5dTpndT 


3 


(dTpn)3(dTp)5(dTpn)3dT 


4 


(dTpn)iidT 


5 


(dTp)iidT 


6 


d-ApnCpnApnCpnCpnCpnApnApnTpnTpnCpnT 


7 


d-ApnCpnApnCpCpCpApApTpnTpnCpnT 


8 


d-ApCpApCpCpCpApApTpTpCpT 


Taigets 




9 


d-CpCpApApApApApApApApApApApApCpC 




d-ApGpApApTpTpGpGpGpTpGpT 




r-ApGpApApUpUpGpGpGpUpGpU 



p refers to a phosphodiester internucleoside link, and pn to aphosphoramidate 
linkage. 



^^P-NMR spectroscopy was used for tlie characterization of the 
modified oligon\icleotides (Table 2). The spectrum of the alternating 
oligomer 2 (Fig. 2) consists of two sets of peaks in a -5:6 ratio; one 
set due to the phosphodiester resonances at -0.5 p.pjn. and a 
downfield set at 12.7 p.p jn. in agreement with the literature data 
concerning Ihe phosphoramidate resonances (22,30). Similar 
^^P-NMR spectra were obtained for 1, 3 and 7, wife the ratio of fee 
integration forpeaks at -0.5 and 12.7 p.p jn. varying according to the 
expected ratio of P-0~ to P-NH2 internucleoside bonds and in 
agreement wife electrospray mass spectrometry data (Table 2). 
NMR resonances at 12.7 p.p.m. were observed for compounds4 and 
6. These spectra provide evidence that fee pho^horamidate P-NF^ 



linkages survived ultimate treatment (saturated mefeanolic ammonia 
at room temperature for 2 h). In order to furfeer confmii the integrity 
of fee phosphoramidate linkages, dodecafeymidine analogues 1, 2, 
3 and 4 wcie quantitatively hydrolysed to phosphodiesters by a 
formic acid treatment at 90"^C for 5 min (8) giving rise to (dTp)i idT, 
iis ascertained by HPLC in comparison wife an aufeentic sample 
(Table 2 ). The base composition of fee oligonucleotides 6, 7 and 8 
was estabhshed by a formic acid degnidiition (29), which cleanly 
released adenine, feymine and cytosine in a 4:3: 5 ratio as determined 
by HPLC, 



Table 2. Oligonucleoside phosphoramidates physical data* 



Oligomer 


Rt, min 


p.p.m. 


Calculated 
mass 


Observed 
mass 


Isolated 
yield** 


5 


17.51 










1 


18,29 


12.65,-0.27 


3587.4 


3587,6 


60% 


2 


21.18 


12.67, -0.53 






18% 


3 


21.91 


12.64,-0.46 


3582.5 


3582.0 


12% 


4 


26.24 


12.66 






19% 


8 


22.90 










7 


24.74 


12.73,-0.53 






6% 


6 


28,84 


12.73 






5% 



*See Materials and Methods. 

'^Calculated from support bound nucleoside. 



Base-pairing of oligonucleotide analogues with DNA 
and RNA complementary strands 

Interactions between dodecathymidylate analogues with 9, poly 
dA and poly rA were investigated by both thermal denaturation 
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Figure 2. '^P-NMR qiectra of oligomers 1, 2, 3 and 4 in D2O. 



and renaturation analyses using changes in absorbance at 260 nm 
versus temperature. The experiments were carried out at an equal 
nucleotide concentration (60 |aM) of the thymidylate analogues 
and the target compounds. At the end of the experiment, a sample 
was examined by HPLC to confirm tot no significant degradation 
of the modified ohgonucleotide had occurred Melting temperatures 
are presented in Table 3. No differences were observed between 
thermal association and dissociation curves. It can be seen fi*om 
these results that the introduction of phosphoramidate intemucleo- 
side linkages into the dodecathymidylate affects the thermal 
stability of the duplexes formed with ei^er DNA or RNA 
complementary strands. Thus, incorporation of one, six and eleven 
modifications leads to a progressive decrease in the melting 
temperature of the complexes compared to tiie 'parent' unmodified 
duplexes. Tm value is almost a linear ftmction of the number of 
modifications. The average destabilisation is l^^'C and l.l'^C 
per modification in duplexes obtained with 9 and poly dA, 
respectively. As generally observed for ohgo (dT) and its 
analogues the affinity for duplex formation with poly rA is 
lower than that observed with poly dA. However, in this case, the 



difference of stability between the oligothymidine-poly dA and 
the oligothymidine-poly rA hybrids is enhanced (1.8°C) when 
compared witli natural complexes (0.2°C), Moreover, the average 
decrease in Tm of -2.9 '^C/modification compared witli (dTp)] jdT- 
poly rA hybrid, did not allow us to observe Uie binding of the 
uniformly modified (dTpn)iidT with poly rA, indictiting an 
appreciable distortion of tlie structure of the moilificd oligo- 
tliymidine-RNA duplex compared with the *parcnt'duplex. Never- 
theless, at a four times higher nucleotide concentration (240 |liM), 
Tm values of 1 6*^0 and of 38*^0 were observed for tlie modified, 
4, and the natural hybrids (ATni/mod = -2°C), respectively. So, 
even if tlie modification is really destabilizing, one cm admit that it 
does not compromise Watson-Crick base pairing with a ribonucleo- 
tide complementary strand. Furthermore, the Tm value (13.3°C) of 
the duplex formed between ohgonucleotide 3 and poly rA supports 
this conclusion. Inde«i, this Tm value cannot be attributed only to 
the binding with poly rA of the internal non-modified section 
(dTp)5dT of tlie ohgomer 3 under the same conditions, no transition 
above 0°C was observed with (dTp)5dT and poly rA. 

Table 3. Thermal stabilities (*C) of duplexes formed by oligojiucleosidc 
phosphoramidates^ 



Oligomer Complementary strand 



9 poly dA poly rA 





Tm 


ATm/mcd 


Tm 


ATm/mod 


Tm 


ATm/mod 


5 


27.0 




31.5 




29.5 




1 


25.2 


-1.8 




nd 


26.4 


-3.1 


2 


17.7 


-1.6 


24.2 


-1.2 


11.3 


-3.0 


3 


18.9 


-1.4 




nd 


13.3'' 


-2.7 


4 


13.0 


-1.3 


20.5 


-1.0 


<o« 


<-2.7 


average 
ATmAnod 




-1.4 




-1.1 




-2.9 



^Experiments were carried out in a buffer (pH 7) containing 10 mM sodium ca- 
codylate, 0. 1 M sodium chloride, at 60 ]iM nucleotide concentration in each 

strand. 

''In the same experimental conditions, no transition was observed for (dTp)5dT 
with poly rA (Tm <0°C). 

^n 1 0 mM Tris-HCl. 1 0 mM MgCl2, 0. 1 M NaCl buffer solution (pH 7) at a nu- 
cleotide concentration of*240 ^M, a Tm value of 16**C was observed for fully 
modified oligomer 4 with poly rA target and a Tm value of 38'*C was found for 
the natural duplex. 

Experiments at difTerent NaCl concentrations (Table 4) show 
that the Tm value for the hybrid involving the fiilly modified 
oligonucleotide d(Tpn)ndT 4 and 9 is weakly modi Red by 
changes in the ionic strength of the medium either at pH 7 or 5.45. 
Tliis behaviour most likely reflects the absence of charge 
repulsion between a non-ionic oligonucleotide and the negatively 
charged phosphodiester backbone of tlie target strand as observed 
for other neutral backbone analogues (8). Consequently, tlie 
modification P-NH2 is not protonated between pH 5.45 and 7. 
Tliis result is in accord with tiie known low basicity of phosphoric 
amide diesters ( i ^,.V3;34). In contrast, the stability of the ^parent' 
duplex d(Tp)ndT-9 increases with mcreasing NaCl concentra- 
tion as expected. Thus, under low sah conditions (10 mM NaCl), 
the modified duplex is as stable as the 'parent' one (Table 4). 
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Figure 3. Thermal dissocation curves of the hybrids formed with uniformly modified dodecathymidylate analogues and (iV) poly dA, (B) poly rA. ( ), all 

pho^hodiester; ( )» all methylphosphonate; ( ), all phosphorothioate; ( ), all phosphoramidate. Experimental conditions, as in Table 5. 



Table 4. Salt concentration dependence of the Tm (*C) of the fully modified 
phosphoramidate oligomer with 9 compared with the natural duplex 



Oligomer 




NaCl concentration 








0.01 M 


0.1 M 


IM 


5 


pH7 


15 


27 


42 


4 


pH7 


13 


13 


16 


4 


pH 5.45 


14 


14 


16 



Experiments were carried out in a 10 mM sodium cacodylate buffer, at 60 jiM 
nucleotide concentration for each strand. 

The affinity of the phosphoramidate ohgomer 4 was also 
compared with that of two other backbone modified dodeca- 
thymidines: a phosphorothioate and a methylphosphonate 
analogues. Data on the interactions with DNA and RNA targets 
are reported in Table 5 and some typical dissociation curves are 
shown in Figure 3 . It appears, when considering duplexes formed 
with single stranded DNA, that phosphoramidate linkage is 
slightly less destabilizing (ATm/mod = -1.3°C with 9 and -1 ''C 



with poly dA) than the phosphorothioate modification (ATm/mod 
= -l.S^'C). Comparatively, the introduction of methylphospho- 
nate linkages into the oligodeoxyribonucleotide does not perturb 
its ability to bind to the DNA target. However, Figure 3 clearly 
shows broader melting transitions for neutral methylphosphonate 
and phosphoramidate analogues than for ionic phosphorotliioate 
and phosphodiester oligomers. These broad curves are most 
likely due to significant differences in the binding properties of 
the diastereoisomers witiiin these oligomers (35). In contrast to 
the behaviour of the neutral phosphoramidate and methylphos- 
phonate oligomers with DNA targets, duplex formation between 
these oligonucleotides and the RNA target was not detected under 
the conditions used for these experiments (Fig. 3). Only the upper 
portion of an apparent melting transition was observed with the 
phosphoramidate analogue, and the transition with the methyl- 
phosphonate compound was so broad that it was not possible to 
ascertain unambiguously that the oligomer hybridized to the poly 
rA target. Finally, the ionic phosphorotliioate modification was 
tiie less destabilizing of Uie studied modifications (ATni/mod = 
-1.7 **C) when considering duplexes formed witli the ribonucleotide 
target. 



Table 5. Comparison of hybridization properties^ of several uniformly modified dodecathymidylates with 9, poly dA and poly rA 



Modification at Complementary strand 

phosphorus 9 polydA polyrA 





Tm 


ATm/mod 


Tm 


ATm/mod 


Tm 


ATm/mod 


phosphodiester 5 


27 




31.5 




29.5 




phosphorothioate 


10.6 


-1.5 


15.6 


1.5 


10.4 


-1.7 


methylphosphonate 


27 


0 


30.5 


-0.1 


<0^ 


<-2.7 


phosphoramidate 4 


13 


-1.3 


20.5 


-1.0 


<0 


<-2.7 



♦Experiments were carried out in a buffer (pH 7) containing 10 mM sodium cacodylate and 0. 1 M sodium chloride, at 60nM nucleotide concentration 
for each strand. 

'*No evidence for hybridization from the melting curve data (Fig. 3). 
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Figure 4. Thermal dissociation curves of the hybrids formed with modified 

heteropolymers 6 and 7 with DNA or RNA complementary strands. ( ), 

6 alone; ( ), 6 with ribonucleotide target; ( ), 6 with deoxyribo- 

nucleotide target; ( )y 7 with ribonucleotide target; ( ), 7 with 

deoxyribonucleotide \bx%<sX. 



Although the results on the hybridization of the oUgothymidine 
phosphoramidate with poly rA seem disappointing, they deserve 
comment. First, we have shown that even if tlie modified 
oligomer does not fonn detectable duplexes with the RNA target 
at 60 |iM nucleotide concentration for each strand, it does at 
higher concentration. Li addition, it had been shown recently f>5) 
that a methylphosphonate oligomer linked to a psoralen moiety, 
which was not able to bind to its target under melting experiment 
conditions, was effective in cross linking the same target at higher 
concentration. Secondly, the observed behaviour of tlie oligonucleo- 
tide analogues results from the AT base pairing and could be 
different with more favourable GC base pairs, as was demon- 
strated with phosphorothioate analogues (36). Nevertheless, Tm 
experiments performed with the heteropolymers 6 and 7 (Fig. 4) 
showed that only the oligomer 7 containing a central section of 
phosphodiesters was able to hybridize above O^'C with its DNA 
(36.5**C) or RNA complementary strand. Tm values were 
however -\Q^C lower than those of the phosphodiester parent 
duplexes (47.6 and 46. I*' C, respectively, with DNA and RNA 
targets) ( Vl ). From this experiment, it can be pointed out that the 
difference in stability between duplexes with a deoxyribonucleo- 
tide and a ribonucleotide targets is less pronounced with a 
modified dodecamer of mixed-base sequence (ATm/mod = -2°C 
in both cases) than it was for dodecathymidine analogues. With 
the fully modified oligonucleoside 6, only the upper portions of 
tiie melting transitions were observed with both DNA and RNA 
targets. The low binding afFmity of these analogues for their RNA 
target may be exploited in antisense technology. Indeed, it has 
been shown that chimeric ohgonucleotides combining methyl- 
phosphonate (37,38) or phosphoramidate (3S^4{J) portions with 
a central phosphodiester section considerably reduce undesired 
RNase H cleavage at RNA sites of partial complementary without 
significantly disturbing activity at tiie targeted site. 

Substrate activity of duplexes fonned between phosphoramidate 
oligomers 2, 3 or 4 and poly rA for Exoli RNase H was evaluated 
by measuring the UV absorption at 260 mn as a function of time 
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Figure 5. RNase H digestion of poly rA-dodecathymidylate duplexes. Plotted 
are normalized absorbance at260 nm versus time. Experiments were cnificd out 
at 20*C in a 10 mM Tris-HCl buffer (pH 7) containing 10 mM MgCl2, 0. 1 M 
NaCl, at a 240 [iM nucleotide concentration for each strand. (A) 5^oly rA, 
(B) 3-poly rA, (C) 2-poly rA, (D) poly rA alone, (E) a(dTp)iidT-poly rA, 
(F) 4^oly rA. All samples were preheated at 70° C, then allowed to slowly cool 
down and stabilized at 20**C before RNase H was added. 

(Fig. 5) as described by Stein et ai (36). Duplexes of poly rA with 
the *parait diester' (dTp)ndT and with its Oranomeric analogue 
{A^) as well as poly rA alone were used respectively as positive 
and negative controls. It was shown that the cliimeric oligonucleo- 
tide 3 with a central phosphodiester section was able to ehcit 
RNase H hydrolysis of poly rA, as well as the natural 
phosphodiester (Fig. 5). This result is in accord with the described 
behaviour of chimeric oligonucleotides constituted of central 
section of phosphodiester surrounded by modi lied secuons 
(37,38). The fiiUy modified oligonucleotide 4 does not elicit 
RNase H activity (in the conditions used we obtained a Tm fortius 
duplex at 16°C). Surprisingly, the ohgonucleotide 2 with 
alternated phosphodiester and phosphoramidate internucleoside 
linkages, is able to induce RNase H cleavage of poly rA, despite 
the fact that only 50% of tlie hybrid was present under the 
conditions used in this e5q)eriment. This hydrolysis, however, 
proceeds far more slowly than with the oligomer 3. 

Enzymatic degradation of oligonucleoside 
phosphoramidates 

Stability of phosphodiester links present in oligonucleotide 
analogues 2 and 3 was investigated in comparison vviih that of 
unmodified (dTp)iidT towards the action of purified SI nuclease, 
calf spleen phosphodiesterase (CSPDE) or snake venom phos- 
phodiesterase (SVPDE). Table 6 summarises the half-Hves of the 
oligomers. As can be seen, the rate of hydrolysis by nuclease SI 
of the alternated oligonucleotide 2 (ti/2 =^ 20.7 h) is greatly 
reduced compared with that of unmodified 5 (ti/2 = 1 min). In 
contrast, the phosphodiester 'window' of the oligomer 3 is not 
protected by P-NH2 sections present at 3'- and 5'-ends. Towards 
the action of the 5'-exonuclease CSPDE, one modification at the 
5'-end of the oligomer 2 prevents vicinal phosphodiester link 
from the degradation (ti/2 f 26 h). The stabilizing effect of tliree 
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consecutive phosphoramidate modifications at the 5'-end on a 
neighbouring phosphodiester bond (oligomer 3, ti/2 = 12 days) is 
more pronounced. Whea 2 or 3 was incubated witli 3'-exoiiuclease 
SVPDE, hydrolysis of the phosphodiester bonds was lower when 
compared with those obtained with 5 (t\n = 14 min). No 
significant difference was observed between the two modified 
oligomers (ty2 = 9 h for compound 2, and 8.5 h for compound 3). 
This could result, at least in part, from the chemical instability of 
the phosphoramidate link in base medium (pH 9) used in these 
experiments (ti/2 of -20 h for 2 and 3). Data reported in Table ■> 
clearly indicate a pH dependence for the hydrolysis of the 
phosphoramidate hnks witii a maximum of stability -pH 7. 



Table 6. Half-lives of oligonucleotide analogues in the presence of purified 
enzymes 





(dTp),idT(S) 


(dTpndTp)sdTpiidT(2) 


(dTpn)3(dTp)5(dTpn)3dT(3) 


SI nuclease* 


7 min 


20.7 h (11 days) 


7 mill (14 days) 


CSPD^ 


22 min 


26 h (19 days) 


12 days (20 days) 


SVPDEP 


14 mill 


9h(23h) 


8.5h(20h) 



Half-lives were determined by measuring the disappearance of starting oligo- 
nucleotide. Reactions were performed at 37*C in: 

"50 mM sodium acetate buffer (pH 4.5) containingS 00 mM sodium chloride and 
100 mM zinc acetate; 

^125 mM ammonium acetate buffer (pH 6.8) containing 2.5 mM EDTA; 
*100 mM Tris-HCl buffer (pH 9) containing 10 mM magnesium chloride. 
Values indicated in brackets refer to half-lives in absence of nuclease. 

Phosphoramidate (P-NH2) represents an interesting oligonucleo- 
tide backbone modification because the NH2 group is small, 
uncharged in aqueous solution and has favourable solubility 
characteristics. We have shown that the combination of H-phospho- 
nate and phosphoramidate chemistries, with the use of the easily 
cleaved oxalyl anchor, labile exocycUc amino protecting groups, 
and a final deprotection with methanol saturated with ammonia 
had enabled us to synthesize partially or totally modified 
dodecadeoxynucleotides. These compounds are able to form 
hybrids with complementary DNA or RNA strands. The resulting 
duplexes are significantly less stable than those of the 'wild-type' 
species, especially with RNA targets. We demonstrated that a 
modified oligomer combining an uitemal phosphodiester section 
surrounded by phosphoramidate sections at 5'- and 3'-ends was 
resistant to exonuclease hydrolysis and able to eUcit RNase H 
cleavage of the RNA tai^et. These properties make the modification 
attractive for constructing potential candidates for the antisense 
approach. 
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Linkage of ricin A chain (RA) to a cell surface bind- 
ing antibody or other ligand can result in a potent 
cytotoxic agent. We expressed the primary sequence 
for RA in Escherichia coli to facilitate production and 
to obtain protein free of naturally occurring contami- 
nants, I.e. ricin B chain. Differences in the level of 
expression and in the characteristics of the expressed 
protein were noted when several different host/vector 
systems were tested. Recombinant RA (rRA) was ex- 
pressed directly under control of the phage X major 
leftward promoter (Pl) and the E. coli trp promoter. It 
was also expressed fused to E* coli alkaline phospha- 
tase sequences, both in the same reading frame for 
secretion and out-of-reading frame for expression in a 
cistron-like arrangement. Expression in the Pl pro- 
moter system, which is temperature-regulated, was 
achieved at 37 **€ as well as at 42 ''C* The protein 
expressed at these different temperatures had grossly 
different properties. Whereas rRA expressed at 37 
was soluble and fully active, that produced at 42 
was aggregated, insoluble, and reduced in activity. 
Soluble rRA could be converted to the insoluble form 
by incubation at 42 in vivo, but not in vitro. Hence, 
this difference in properties does not simply reflect an 
inherent thermal instability of the protein* Conditions 
present in vivo, including the possible association with 
other proteins, are apparently required for this effect 
on rRA. 



The A subunit of ricin, ricin A chain (RA),* has been a 
commonly used effector molecule for the synthesis of selec- 
tively targeted cytotoxic reagents such as immunotoxins (for 
reviews, see Refs. 1-3). Upon internalization, RA catalytically 
inactivates the large subunit of eukaryotic ribosomes, thereby 
causing cell death (for reviews on ricin, see Refs. 1-4). RA is 
a potent agent as it is able to inactivate approximately 1500 
riboflomes/min. Recently, Endo et aL (5, 6) reported that the 
action of RA and related proteins on ribosomes is to cleave 
the A^'glycosidic bond in the A4324 residue of 28 S rRNA, 
releasing adenine and exposing phosphodiester linkages to 
hydrolysis. 



* The costs of publication of this article were defrayed in part by 
the payment of page charges. This article must therefore be hereby 
marked "advertiAemenV' in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact. 

The nucleotide sequenceCs) reported in this paper has been submitted 
to the GenBank^/EMBL Data Bank with accession numberCs) 
J03J84. 

' The abbreviations used are: RA, ricin A chain; rRA, recombinant 
ricin A chain; RB, ricin B chain; DEPC, diethylpyrocarbonate; SDS, 
sodium dodecyl sulfate; CTAB, cetyltrimethylammonium bromide; 
PBS. standard phosphate-buffered saline; PAGE, polyacrylamide gel 
electrophoresis. 



Purification of native RA from whole toxin can be difficult, 
involving its efficient separation from ricin B cliain (HB) 
which binds cell surface galactose -containing structures and 
enhances entry of RA into the cytoplasm (7, 47). Preparations 
of RA and its conjugates must be rigorously controlled to 
avoid even trace amounts of contaminating toxin or RB that 
might obscure the target selectiveness of the hybrid toxin and 
increase general toxicity. In addition, working with large 
quantities of castor beans and ricin poses a health risk (8). 
To avoid these problems and to more economically obtain 
large quantities of RA for therapeutic development, we opted 
to express the gene for RA in Escherichia coli. Another poten- 
tial advantage of this is that proteins expressed in E. coli are 
not glycosylated. There is evidence suggesting that the general 
toxicity of native glycosylated RA and its conjugates may be 
related to mannose-dependent uptake by the liver (9). 

The cDNA and genomic sequences for ricin have been 
reported (10, 11). RA is synthesized with RB in a preproricin 
molecule. The coding order is a secretory signal, RA, a 12- 
amino acid junction peptide, and RB, We cloned cDNA coding 
specifically for RA and modified it to allow for its independent 
expression in several different vectors of E. coli. We found 
that under different induction conditions and also in different 
fusions to E, coli alkaline phosphatase signal peptide se- 
quences, soluble fully active rRA was produced, although 
expression levels varied. We also observed that insoluble less 
active product was expressed at 42 *C, a condition typical for 
induction of promoters regulated by temperature -sensitive 
repressors, in this case the phage X major leftward promoter 
(Pl). Expression from this promoter could be induced at lower 
temperatures, however, enabling us to study the effects on the 
expressed product of temperature manipulation during ex- 
pression. The effects observed and the results mentioned 
above are reported here. 

EXPERIMENTAL PROCEDURES AND RESULTS AND 
DISCUSSION^ 

Secretion and Translation-coupled Expression— As dis- 
cussed in the Miniprint, rRA expressed in an insoluble aggre- 
gate form is not suited to the production of active hybrid 
toxins. Obviously, expression of rRA in a soluble form is 
preferred. One approach to express soluble rRA in E. coli is 
to secrete the protein to the periplasmic space, As RA is 
normally part of a secreted protein, it is possible that secretion 
from E. coli and the cooperative transport from the intracel- 
lular reducing environment to the oxidizing environment of 



*^ Portions of this paper (including "Experimental Procedures," part 
of "Results and Discussion," Figs. 1 and 2, and Tables I and II) are 
presented in miniprint at the end of this paper. Miniprint is easily 
read with the aid of a standard magnifying glass. Full size photocopies 
are included in the microfilm edition of the Journal that is available 
from Waverly Press. 
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(a) (O G C G C CJ 

■GtGACAAAOGCGCCGACACCAGAAATG' - • 
Val Tbr tys A«a Arg' Th? Pro Giu Mot — - 
'* RL*^ signal peptide *- : — mature phpA p<ot*in-..> 

(t>) 

- . .GTGACAAAGGCGATCTTCCCCAAACAA' - - 

Val Thf Lys Ata He Phe Pro Lya GJn 

■ - - rftTA > 

(C) 

• .GTGACAAAGGCGGCATTCCCCAAAGAA- - - 
va i Thf Lyi Aia Ala Phe Pro tys Gin 

rRTA > 

<<*^ 

• - pboA pdpttdo 

VaJ ThT~ Lys Ala Me Ser Leu TEH 
^ - - GTQACAAAGGCGATAAGCTTATQATATTC- 

Me? Me Phe 

' ~ ^ rRTA - — v 

Fio. 3. Alkaiine phadphat«u9e/rRA fusiion sequences. The DNA co<ling mand $equence.^ and deduced 
amino acid secniences of the actual or predicted processin^^ e,iief> for yignai peptidase are shown, o, E. coli alkaline 
phosphatase {phoA) sequence, fusion sequence in pRAP2*210. c, hi&km sequence in pRAP21A. rf, fusion sequence 
in pRAP229. The Nari site introduced in the phoA sequence ti> facilitAte fusion is shown in panmtfieiiiis above the 
sequence in o. The sequence in the pRAP229 fusion derived from the vector portion of pHATl is underlined in d. 
*, the native argJnine codon is changed to one for proline due to the introduction of the Narl site. 



the periplasm uiighfc effect proper folding and solubility. The 
coding sequence for rllA was modified by primer-directed 
mutagenesis to introduce restriction sites (Fig. 1) that would 
allow for fusion to a modified vSequence encoding the E. coli 
alkaline phosphatase {phoA) signal peptide. Two types of 
such fusions were produced (Fig, 3, b and c) differing in the 
potential processing sequence for signal peptidase. Cleavage 
of the precursor to alkaline phosphatase occurs after the 
sequence Thr-Lys-Ala and releases mature phosphatase hav- 
ing an arginine at the N terminus (Fig. 3a). The fusion 
contained in pRAP22lO <Fig. 3b) was designed for cleavage 
after the same sequence at the end of the phoA peptide and 
for release of a mature rRA protein having the native isoleu- 
cine at its N terxniniis. The fusion contained in pRAP218 
(Fig. 8c), however, was designed to be homologous to a phoA- 
human growth hormone fusion which had been found to be 
efficiently processed and resulted in secretion of human 
growth hormone to the periplasm.^' In that fusion, cioavago 
occurs after tlie aeoond alanine in the sequence Thy- Lya-A la- 
Ala -Phe-Pro. In the pRAP2l8 fusion, then» the isoleucine 
normally found at the beginning of the mature RA sequence 
was changed to alanine, thereby generating the same sequence 
recognized for processing noted above. 

In addition to these constructions designed for protein 
secretion, a third type of ftision was generated for intracellular 
accumulation of rRA. This fusion, shown in Fig. 3d and 
contained in pRAP229, links the rRA sequence to the p/ioA 
signal peptide in a cistron-like arrangement. A potential start 
codon for rKA is placed out-of- frame to, but overlapping, a 
termination codon for a p/ioA peptide. The overlap sequence^ 
ATGA, where ATG is the start codon for the one reading 
frame ajid TGA is the termination codon for the other, is 
found most notably in the N region of phage X (35). The 
expression of this fusion and the two phoA-rRA fusions de- 
scribed above is directed by the phoA promoter and ribosome 
binding site contained in the cloned phoA fragment. 

Secretion of rRA product to the periplasm was tested by 
osmotic shock treatment (31), In eddition, whole cell extracts 
were prepared by sonication in the absence of detergents to 
assess the solubility of the products, A Western blot analysis 
on different cellular fractions for pRAP2l8- and pRAP229- 
expressed products shows the results obtained (Fig. 4). (The 

* S, Chang, per^nal comnunitcation. 
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Fig, 4. Western blot analysis of pRAP229* and pRAP218* 
expressed rKAe. Cells carrying pHAP22y and pRAP218 were ap- 
propriately induced for expression of rRA and fractionated as noted 
under **Experiinentai Procedures/' Maniples equiv«I(?nt to that derived 
from 0.2-0.4 Atr^:, units or cells were loaded per lane. iMncsi IS show 
pRAP229 «>amples: hne$ show pRAPl«JiS samples. The sample 
order in each case i.r. total Bonicate in the pre(?encc of 1% SDS to 
release total material; 100,000 X g j^upernatant fraction after .sonica- 
tion without SDS; 12,000 x supernatant fraction after sonication 
without SDS; 12j(K)0 x ^^ pcllei: fraction after sonication without SDS; 
cell pellet after osmotic shock; aupernatant from o,smotic shock. Lane 
7 shows a total sonicate with SDS of uninducedpRAP21B as a control. 
Lane 14 shows about 3 ttj* of pRAL6 rRA. Lane 15 shows about xl Mg 
of native RA- 

results obtained for'pRAP2210 are identical tt^ those for 
pRAP218). Both types of fusions lead to production of rRA 
products. The pIiAP2ia (and pRAP22lO) secretion construct 
expressed two major immunoreactive products in the Mr 
28.000-30,000 range (a doublet is apparent in Fig. 4, lams 8 - 
72), The pRAP229 fusion construct expressed a single pre* 
dominant immunoreactive product of about Mt 28,{KM) (Fig. 
4, lanes /• 5). 

Poteiitially, the slower migrating product from pRAP218 
cells could \)e unprocessed p^'ioA-rRA precursor whereas the 
faster migrating product could be the processed form. How- 
ever, osmotic shock treatment did not separate the two forms 
as would be expected if one were secreted to the periplasm; 
both forms remained associated with the intact cells (Pig. 4, 
hne 12 versus 13). A gel run in parallel and ,staincd with 
Coomassio showed that several E. coli proteins were selec- 
tively released by the osmotic shock treatment. Also, in an 
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analogous experiment, spberoplaats were generated with ly- 
sozyme; again, all rRA products remained associated with the 
intact cells and» additionally* were noted to be resistant to 
protease degradation (data not shown). The faster migrating 
product from pRAP218 also runs slightly slower than the rRA 
produced by pRAL6 or by pRAP229, either of which should 
represent the mature RA primary sequence with, at most, an 
additional methionine at its N terminus. The N terminus for 
the pRAP229 product has been sequenced and was found to 
be 60% Re-Phe- and 40% Met-Ile-Phe- (36). Compare, for 
example, lanes 5 and 14 to lane 12 in Fig. 4. These data suggest 
that both of the pRAP218-expressed rRA products were in- 
tracellularly compartmentalized and that the smaller product 
was not derived from the larger one by the expected signal 
peptidase cleavage. It is possible that the smaller product was 
derived from the larger by alternative proteolytic cleavage, 
however, near either the N terminus or the C terminus of the 
protein. Another possibility is that the smaller product re- 
sulted from a second translation start at a GUG signal four 
codona upstream of the beginning of the rRA coding sequence. 
A GUG start codon is the signal utilized for translation of the 
phoA gene (37), and alternative mRNA secondary structures 
could allow for alternative starts (38), We have not pursued 
these possibilities. 

Analyses of cell sonicate fractions to assess the solubility 
of the pRAP218 andpRAP229 rRA products showed surpris- 
ing results, however. The distribution of rRAs among a 12,000 
X g pellet» a 12,000 X g supernatant, and a 100,000 X g 
supernatant was examined. The results are shown in Fig. 4, 
lanes 1-4 for pRAP229 and lanes 8-11 for pRAP2I8. It is 
clear that rRA products distributed in both the pellet and the 
supernatant fractions for both constructs, but cell disruption 
was incomplete. Importantly, however, rRA products from 
both pRAP229 and pRAP218 cells remained in the 100,000 X 
g supernatant, a good criterion for solubility. It is interesting 
that both pRAP218 rRA products were soluble, suggesting 
that the pfcoA-rRA proteins did not associate with the bacte- 
rial membrane and were never candidates for secretion. The 
apparent solubility of the larger putative complete precursor 
form was particularly surprising because of the hydrophobic 
character of the signal peptide. 

We observed that the proportion of the larger to the smaller 
rRA species from pRAP218 varied with each experiment. 
However, the combined expression level of these rRA products 
was reproducibly 1-2% of total cell protein. In contrast, the 
single pRAP229 rRA product was expressed at 6-8% of total 
cell protein. The reasons for this difference in expression 
levels from similar constructs are not clear and are likely to 
be complex and interactive. Their study is best the concern 
of a separate report. For our purposes here, though, the 
pRAP229 clone was subsequently selected for scale-up pro- 
duction of soluble rRA. The partial characterization and 
activity profile of this protein are described in a later section. 

Temperature Effects on Expression of Soluble rRA — To 
summarize our results to this point, we had observed expres- 
sion of freely soluble rRA at up to 8% of total cell protein 
from a vector/host system in which the RA sequence was 
linked to a phoA peptide, transcription and protein expression 
was induced by phosphate depletion and regulated by the 
phoA promoter, and the template copy number remained 
relatively low throughout. In addition, we had observed 
expression of insoluble aggregated rRA at up to 6% of total 
cell protein from a vector/host system in which the RA 
sequence was translated independently; transcription and 
protein expression were regulated by the phage X Pl promoter 
and were rapidly induced by thermal inactivation of a repres- 



sor protein and augmented by a concurrent rapid increase in 
template copy number (Miniprint). Because there are several 
differences between the two systems, it was at first difficult 
to focus on a particular characteristic which could offer an 
explanation as to how insoluble versus soluble rRA was ex- 
pressed. Consequently, we decided to re-examine the expres- 
sion of rRA from the existing pRATl vector/host system to 
gain a third perspective on the process. 

Again, pRATl carries the rRA sequence under control of 
the E, coli trp promoter. Our results (data not shown) indi- 
cated that rRA expressed from pRATl behaved similarly to 
that from pRAP229 in that it was found in the supernatant 
of cell sonicates. We did note that the detectable level of 
expression of rRA varied from experiment to experiment but 
that levels higher than initially observed, i.e, 6-8% of total 
cell protein, could be obtained. Different host isolates and 
extreme measures to reduce intracellular tryptophan levels 
were important. In particular, the highest levels of expression 
on a percent basis were observed if the host strain, KB2, was 
used. KB2 is a transductant of MM294 carrying the mutation, 
£rpA46pr9 (39), which leads to a deficiency in tryptophan 
synthesis. These cells grew poorly, however, and total cell 
mass was typically reduced, resulting in an overall lower yield 
of product. 

The expression of soluble rRA, then, is not dependent on 
linkage to phoA coding or regulatory sequences. In addition, 
there is no obvious correlation to plasmid copy number as 
pRATl, a pBR322'based plasmid, is 5-10-fold more abundant 
per cell than pRAP229, a pACYC184-ba8ed plasmid. Given 
that two separate systems expressed soluble rRA under very 
different conditions, we thought it more relevant to ask what 
contributes to the production of insoluble rRA in the pRAL6 
system. In this, there was one obvious difference in the 
manner of inducing expression from pRAL6 versus the other 
plasmids that warranted further study, Le. temperature. As 
described under "Experimental Procedures," expression reg- 
ulated by Pl is easily and commonly induced when the host 
cell carries a temperature-sensitive repressor for the promoter. 
In this case, pRAL6 was propagated in a host strain lysogenic 
for the A prophage, XN7N53CI867SUSP8O. There are three im- 
portant features of this system regarding the practical induc- 
tion of Pl. 1) Direct inactivation of the temperature-sensitive 
cl867 repressor occurs at 40-42 *C. 2) Inactivation of the cI^at 
repressor allows for expression of the cro gene product which 
is also carried in the prophage and which then represses 
further synthesis of the das? repressor, leading to "auto- 
inactivation" of the repressor (40). 3) The copy number of the 
plasmid, pRAL6, is highest at 42 'C, 30-40-fold higher than 
that at 30 *C or about 300-500 copies/cell, but is also in- 
creased at 37 *C, the extent to which is dependent on the 
length of time at that temperature.** It follows that a high 
copy number of the operator sequence carried on pRAL6 
could titrate available repressor to a point at which cro is 
activated, thereby leading to complete induction of the Pl 
promoter. Induction of rRA expression, then, need not depend 
on continued incubation at 42 'C and may be achieved by 
incubation at lower temperatures, e,g, 37 'C. 

The following set of experiments was performed to test tor 
expression of soluble and insoluble rRA from pRALG. Cul- 
tures of pRAL6/DG95X were propagated at 30 °C to an Ageo 
of about 0.6. Several conditions were then tested for induction 
of rRA expression involving shifting the temperature of the 
cultures between 37 and 42 "C. Cells were harvested and 
disrupted by sonication, and aliquots of total sonicated ma- 
terial, material remaining in solution after centrifiigation at 

* D. Gelfand, peraonal communication. 



4840 



Recombinant Ricin A Chain 



(a) 



1 2 3 4 5 6 r 8 & 10 11 12 13 14 15 16 17 18 19 20 2t 




(b) 



1 2 3 4 5 Q 7 8 9 10 11 12 13 14 15 




^ -*-rBTA 



Fig, 5. SDS-polyacrylttmide gel electrophoresis analysis showing the effect of temperature on 
expression of tR A ad a soluble i?#r«ud insoluble product, a, 500-ml culture of pRAL6/DG95X was grown at 
30 *C to an A^^ of about 0,6, AKquota (50 ml) w^re then removed and incubated under various conditions as noted 
below for a totfil of 3 h. CelU were harvested and disrupted by aonication and fractionated into 12,000 X g 
supernatant and pellet fractions. AliquoU (10 ^1) acljusted to contain comparable amounts of material were loaded 
on ft mint-get (Hoeffer). hax\/e% l-^ show total aonicste, })ellet, and supernatant, respectively, of cells incubated at 
37 'C only. Lanes 4-<> show total sonicate, 3uq;>ematant, and pellet, respectively, of cells brought up to 42 'C and 
then immediately switched to 37 *G. Lanes 7-9 show total sonicate, supernatant, and pellet, respectively, of cells 
brought up to 42 *C, then incubated at 37 "C for 2 h und 30 min^ and then switched back to 42 *C for 30 min. 
Lanas tO-Vl, IS-tS, 16^18, and 19-21, respectively, are for riells incubated at 42 'C for 15 min, 30 rain, 1 h, and 2 
h followed by incubation at 37 'C for the remainder of the 3-h period The loading order is total sonicate, 
supernatant, and pellet, respectively, for lanea 10 12, }3 -25, and 16-18; the loading order is total sonicate, pellet, 
and supernatant, respectively, for lanes 19-21. b, a 600-ml culture of pRAL6/DG95X was grown at 30 'C to un Af,m 
of about 0.6. The entire culture was quickly brought up to 42 "C and then incubated under the conditions given 
below. Cell fractions were prepared and aliquotsj were analyzed as noted above. The order of loading is the same in 
each set of samples, i.e. total sonicate, supernatant, and pellet, re$pe,ctively. Lanea 13 arc for colls incubated at 
42 *C for an additional 2 h. Ijunes 4^ ate for those cells incubated at 42 'C for 2 h and then incubated at 37 *C 
for 1 h. Lanes 7-9 are for cells incubated at 37 "C for 6 h. Lanns 10-12 are for those cells incubated at 37 "C for 5 
h and then shifted to 42 *C for 1 min. Jjanea 13-15 are for the same as In the previous lanes, but shifted to 42 'C 
for 30 min. An arrow indicates the position of tRA. 



12,000 X g for 10 min, and material pelleted in the same 
centrifugation were analyzed by SDS-polyacrylamide gel elec- 
trophoresis. The results from two series of experiments are 
shown in Fig. 5, a and 6, respectively. First, it is clear that 
cells induced by ineubafion solely at J?7 "0 or by incubation 
at 42 *C for up to 30 min followed by continued incubation at 
37 *C produced soluble rRA (Fig. 5a> lams J -6 and 10-15). 
The level of expression after 3 h at 37 "C was significantly 
lower than that achieved if the cells were briefly exposed to 
42 "C (Fig. 5(1, Uine 1 uerswf kine4). Howevef> maximum lovela 
of expression at 37 *C were attained if the length of tbe 
incubation was extended (data not shown)- The small amount 
of insoluble rRA noted after even a brief expof?ure to 42 ''C 
was reproducible. However, significant amounts of insoKible 
product were not observed until incubations at 42 *C were 
carried out for 1 h or longer (Fig, 6a, lanes J6-2i; Fig. 56, 
lanes IS). In the same cultures, though, continued incuba- 
tions at 37 *C resulted in expression of soluble product. As ia 
best shown invFig. 56 (Innes /-^S') for cultures sampled before 
and after temperature shift, these results indicate that rRA 



produced at 42 *C is insoluble, whereas that produced at 37 *C 
is soluble. Also shown in Fig. 56 (lanes 3 and 6), the amount 
of insoluble rRA produced in 2 h at 42 'G remained fairly 
constant with jncubation at 37 'C, suggesting that it is not 
easily converted, at least, to a soluble form. This is consistent 
with our earlier observations noted above. 

We next tested if already produced soluble rRA could be 
converted to the insoluble form by shifting the incubation 
temperature from 37 to 42 'C. The results of such experiments 
are shown in Fig. 5a (kines 7-9) and Fig, 56 {lanes 7-15), Cells 
were induced by briefly raising the temperature to 42 'C 
followed by incubation at 37 to establish production of 
soluble rRA. Samples were then shifted back to 42 *C for 1 
and 30 min, respectively. The conversion of pre-expresscd 
soluble rRA to insoluble rRA can clearly be followed in Fig. 
56 (lanes 7-15). This conversion of soluble to insoluble prod- 
uct was also tested in vitro. AHquots of the total sonicate 
fraction shown in Fig. 5a {lane 4) were incubated nt 12 "C for 
5, 10, 20, and 40 min, respectively, and analyzed as before. In 
each case, exactly the same profile as that shown in Fig. 6a 
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{lanes 4-6) resulted. In a complementary test, a fraction 
containing the insoluble material shown in Fig. 5o (lane 7) 
was incubated at 37 'C for 30 min and analyzed. As expected, 
no conversion of inaoluble to soluble material was noted 

Taken together, these results suggest that production of 
insoluble rRA at 42 *C is not simply due to an inherent 
thermal instability of the protein. As one can obtain conver- 
sion of soluble to insoluble rRA in vivo but not in vitro^ factors 
relating to the intracellular environment such as ionic con- 
ditions or local concentration or the active translation of rRA 
itself or another heat-induced protein might be important. 
Attempts to duplicate the in vivo phenomenon in vitro are 
still under study. It is clear from these data, however, that 
the temperature selected for production of heterologous pro- 
teins in E. coli can be a very important consideration. One of 
us has noted differences in the physical characteristics of 
other proteins expressed in E. coli at 37 ""C or lower versus 
42 •C/ 

Activity and Characteristics of the Soluble rRA — For pro- 
duction of large amounts of rRA, pRAP229/MM294 was 
selected and scaled up in 10-liter fermentation. The rRA from 
this source was purified to greater than 95% homogeneity by 
sequential chromatography on phenyl-Sepharose and carbox- 
ymethylcellulose. As previously determined for the SDS-sol- 
uble rRA, we assessed the ability of the soluble rRA to inhibit 
reticulocyte translation in vitro and the activity of immuno- 
conjugates prepared with it. In addition, the single-dose tox- 
icity in mice for the recombinant and native proteins was 
compared. The results listed in Table II indicate that, within 
the parameters that we have set, rRA is equivalent in activity 
and toxicity to native RA. Others have reported on the use of 
this rRA in the preparation of selected immunoconjugates 
and have tested their effectiveness on target cells in vitro and 
in vivo (41, 42), The conjugates performed similar to expected 
for native RA conjugates but are still low in cytotoxic activity 
compared to that for the model compound, ricin. 

Immunoconjugates prepared with whole ricin or with RA 
but assayed in the presence of RB display much higher 
cytotoxic activities and show greater potential to be effective 
for tumor therapy (48). However, the cell-binding properties 
of RB can significantly reduce the selectivity of the immu- 
noconjugates and effectively eliminate any advantage that 
they may have in activity. There have been several attempts 
to eliminate this problem including the preparation of ricin 
immunoconjugates in which the RB galactose-bindlng sites 
are sterically (49) or chemically (50) blocked and by the 
delivery of RB to the target cell by a second antibody (7). 
Each approach, however, would present a new difficulty such 
as product purification and quality control in the former cases 
and complexity of therapeutic administration in the latter. 
The ability to produce active and fully functional rRA in E. 
coli reported here suggests that another approach is to extend 
the expressed rRA sequence to include a sequence for RB 
specifically modified to eliminate or diminish galactose -bind- 
ing activity or to include only a portion of RB that could 
specifically enhance cell entry of rRA. However, the question 
of whether or not such a modified RB, or fragment thereof, is 
possible has yet to be resolved conclusively (50), and it is 
likely that genetic manipulation of a cloned sequence will be 
necessary to provide that information. The cloning and 
expression of active RB in a mammalian system has been 
reported recently (51), and residues important for galactose 
binding have been identified (44). Nonetheless, the design 
and expression of other types of "improved" hybrid rRA 
molecules containing membrane interaction or translocation 

" W. Laird, unpublished results. 
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domains such as, for example, those identified in diphtheria 
toxin (52) or Psewiomonas endotoxin A (34) might be possible. 
Robertus et ai (43) have obtained diffractable crystals of the 
rRA reported here, and a total structural determination 
should be useful in the design of such molecules. It will also 
be of interest to compare this structure to that of the native 
glycosylated RA as it exists in its heterodimer configuration 
with RB (44) and to address other structure/function rela- 
tionships through changes in the expressed gene sequence. 

As mentioned in the Introduction, the toxicity of native RA 
and its conjugates may be related to its sugar-selective uptake 
by the liver. The ultimate utility and/or any advantage that 
E. co/i-expressed rRA- may have over the native protein may 
be due to its lack of glycosylation. A final assessment of this 
molecule is dependent upon the results of pharmacokinetic 
studies as well as studies on the in vivo efficacy of rRA 
conjugate in relevant tumor model systems and patient ther- 
apy. 

While this manuscript was in preparation, O'Hare et aL 
(45) reported on the expression of an RA fusion protein in E, 
coli. They indicated that product expressed at 37 'C is aggre- 
gated and substantially less active than if it is expressed at 
30 *C. We have noted somewhat higher levels of rRA expres- 
sion on a percent basis, i.e. about 10-11%, from pRAP229 if 
inductions are carried out at 30 but have not observed any 
differences in the physical or enzymatic characteristics of the 
protein. It is possible that this difference may be related to 
different culturing or extraction conditions, or more likely, to 
the additional 10 amino acids at the N terminus of their 
protein. Although the generation of a gene fusion can facilitate 
the expression of a desired sequence, one should be aware 
that important protein characteristics may be altered. In this 
case, the usefulness of their protein as a therapeutic agent 
may be limited. 
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Mkti««l 1. Bj«m, Alkc Vatit and bUrk Willl«m» 

exrERlMCNTM- PROCEOURfiS 

MaterUlK Ctuor fotans Rlcloui commuutt »»r. MnguJneqi were purchttcd from C< Park Seed Co.; 
plant tp««ln>«n( w«r* grown \tni*r ti^tnhou** conditions. Ch«mJ<ul* tni «ttfym«j war* abt^lnW Irom 
litlivi commercial Murce> kr^ u>cd in accordknce with the m«rM(«clur<r^ rccommendatloiu. 
OUgofWclioiWci ««re tyntheiUod 6/ the DMA Synth«»i» <jto\i» *t C*tu$ Corpor«iJon ojln* the 
«utoii\ated (vhgtiiTijtv Irluter method. VtiudTl-ribonuclcatidi C9mple< w»S prtpved •ccordlnK t* 
pultUthtil methodi (12) uurg VoSOa.JHjO (Aldrich). The £041 heft tiralM and |>U«inkl vector, ut«4 
wcr* Irorn v«fl»u« rvMWchM't M Caiut Cotporition and a«c av»ilaM« from the Cvim Matter CultuM 
Collettton. NaiW« RA v«» pt9fV^A ai Cmu» Corpftration ar pwrthaicd lr»i» C^Y U^ativkt, Stti» 
Malevt CA. Rabbit •ntbtra to native RA mw* {prepared by ftABCOi Dcrkatey, CA. The manoclonal 
antittodiei. IWV\ 111, 2*0011 *nd W«Alt have been deact it>c4 (1V1«) and were pi«par«d at C«tti« 
Carporatlon. 8atb/c ndct (Clwles River} were used lor taaicity te&ti. 

liolaVioft oi mftNAi Tlw (oilovlMe protocol was dcvelepod to efficiently «kirsci ntRNA (rom 
castor b*ans. T» tninln^ise d(v*dai>en after total nudcte acid* w*r« cxtracttd Irom the beam, ail 
aotutlora were treated witK 4,1% dUtliyipjrrocafbonate (DEPC) overnight and autocUved. Only DCPC- 
treated and Ukcd glassware «r fterflr.pwUied piai tic wars wm uwd. iminature castof beam were 
harvested at about the time of teita Iwinatldn (the period «f (aaitlnial mRNA aynilwib) {Xn, and 
iramcdlately (rettn an dry Ice. Hani matcrials #cr« stared at JttfiC until needed. P^r Uolatian of 
RNA, apiwoximatety SO |r«mt of froaen betas w«r< placed In 100 mi of hamotenizing buffer (IM mU 
NaCI. JO mU TriaCI. pH JbiU COTA and SO mM e-morcaptoathanol) tft »Mcii was added 13 ml 
Ireitdy prepared OO. M «aMdhm-ribgnuckacM« complca. 30 in| j^otetnue K. and 11 nl 2P% WS. 
ms ffllviure was ham«gcnlad In a covered Warlag blender « high ipeed tor « rnin. TIk ivomogenue 
was left at room temperalurs (or 2 h witA occasional Mendbiginl ilwit ccnirin«ed at noo n g for iS 
fliin to pellet jfisoluble debrh. fhc ttpcrnatant ««t filtered ttvoush cheesecloth to roinova llpldgi. 
•atracted three times with phenoltchtorofarniboanrl alcahal (VnUti'i cMitaIniit| 1% 
hydr»ay<}>4M>Una, on« than ewactad addlttoMlly with the Mnte mlatur* but centabdng only 0M% 
liy4b0*)niuiRoUnc tiittil all wnadlum and j^roteln w«rc removed. TTie eqiieous layet wa» adjusted to 0.k 
M PiaCt and 10 mM EOTA, and nudelc acids were precipitated with ethanol. 

ConUmfnating sacAartde* were icmoved irom the preparatleo by the use o| 
cetyttrdnethylantmonitm bromide (CTAB) (10. PreclpiUlcd nuciek acids were coikv«ried to the 
sedlim lerm by twice luifending tl>« precipitate in cold 70% ethanol i:<>ntainln| 0.1 M wdlum 
acetate. Oxidised phenolic compov^s and other undefined ootitaiftWnt, that intcrler* with cDNA 
tynt/ie>i> wcrv Kparated from UNA as rollows. TTw RNA preclplwto was dbtolved In Z ml of 20 mM 
TrlsCI, PH 4, > rhM EOTA, <i.i% SOS, O.J M NaCl and then passed over a SephadeX G.100 column 
eqvtUbrated in iSa >«me bt4l«r but lacking SoS. High-molecuJar weight RNA cloied at the void 
trolijme foltowcii by vneller RNA qtocie^ aril contamliMnls. Fractioixs cront»inIn( Itw hIgher-fiwIectJaf 
weight RNA tpecUs vere pooled (» avoi4 <9nt»mln*r>i, and f>r*cipit»ted with eth»nol. 

The RNA sampU we» treated to dissociate compleKei by dissolving It In • minirrtunj volume of 
water and then adding nine volumes of delonlzed (ormamlde oonialnfng 20 mM PIPES, pH The 
mixture was warmed to tat 3 min, and 10 volumes of ».> tJI NaCI, 10 mM itiiCI, pH 7.i, 1 mM 
E01A were added, pelyadenylatcd RNA wa$ then Iwlated by chroma lairaphy on oligO^T cdiulose 
(17). 

cONa Ctoneti Standard procedures for cONA tynthecU, cloning and manipulation of tiActoncs 
were followed {ii). The s/mlie»Ic oligooucleotlde J'-GACCATTTCCACCT ACC.»' *m used to (letme 
cONA lynthesls to obtain a poptitttlon ol ctotKs enriched for sc«ivKnces ciH:adlng RA. TMs prlncf 
»e<}uen« Is cwnplementary to mRNA encoding the N.termtml region of RB «(id is located 3' to the RA 
sc^iMncet in prcororidn cONA (10>. Tramformants were Greened with a ''''P^Ubelled pool of all « 
isomers of the IJ^er ^-GCATCTTCTrCCTTCTCNGCJATGAAACAAATAGCiC-J' where N - A, C, C 
or T, derived froai the tet^itoe it RA. The aequenoea •( cloned cDNAa were dctenAincd directly fay 
chemical dev^a4atl«« nictliadi w>d by chain termination metlnds (2l»)«lttT Kixlonbig into HO 
phage vectors (11). 
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E<prenion ot cQNA Sei^uenccM Cloned cDNA enc«din| RA was |ir«t modified to allow lor 
subclonlng and expression In suitable ptaimld vectors, A Bam HI fragmtm ol |>RAI2) (Pig. 1) 
containing the entirr coding tecjucnce hx mature RA w*, (irn daned imp MDmplt (a d<rivttkv< ol 
the Ml) vectort ducribea in (21) containing addiiional cloning sites) in an anitsense orientation 
relative to the liic^ coding sequencB in (he vector. Ph'ge »ingle-,tr»nd»d DNA then subjected u> 
ptlmer-dlrected mutagenesis following the method ol McCormIck and k»nlj using ai primers the 
synthetic oilgonucii^tMcs shown in Pig. i. Muiiini phage i^crc detected by hxt)riaitetlan to the sarmr 
Oligonucleotide, I p.)a>«lled) at aboot lO^C below their respective melting teniperatures (Tm), 
determined from the formula Tm > '.3 In(Na>) > 0.«l (%C * O * 11.2 . J30y(le.'^(th in nucteotidet). 
ViiH retererwra to Pig, I, the Ioilciwin( plasmid/hosl ckpression systemt vere derivrdi The plawnidi 
pRALt and pRAI.7 ve sU^iknei of • tjjrdlll-BeinKI RA Irs^ment in ^PLOP (2}^ a temper etur* . 
sensitive runawajr oopx trarlani ol Cd tl conuining the phage X rt)a)ur leltward preinuicr, P, , atMjgerte 
N f iiiosome binding sjte approprlaiclr ipaced uptt ream Irom a unique Hlndni site. These pLaVnids were 
prop«»»ied In either MClOOQi or LKJWX at 3(/'C. lUCIOOOX b mC^IOOO (id) lyx>jenlied t>y Ihe 
defective Prophaje Xn,Njj<.'|575"»P*0; DC9n i, an Su*^ derivative ol MWm ll» lyso^eniMd by the 
same prophage. 

The ptaMnid* PRATI and pRAT7 are subclone* «{ the »an«e HlwdW-ttamHI Iraiment noted alsowe 
Uit in pTSP) (36}. These contain the £. coU Up frennfrtcr and rtbo«w»e bindin| site In limllar 
placement, a, noted atnve, to the Hindlll site in p^2} 127). 

The Plwmid p(IaP2H li the product ol » three-way lixalion ol (») Ihe larte ligri tKlcno* Wjm 
repaired) • Baw.H I rep)ic«v<:ontainin| (ragment from pSYCiOK9, <k) « medltied MsilOal iraiment 
containing the N-tcrm)Ml coding region ol tlA, and U) the Cla >B* aH* fi'H'"*'** p1l>Ml 
containing the C-terntlnal coding re^im of RA. pSYClM* |» derived troni pACYCie* (20 and 
cenialnit tn ordert a poijrilnkcr leqwim. the E. cyll ptwA cmc with a Marl site inorodjced at tiie C- 
end oi tl^ signal peptide ceding tequeacr. die tlwrlnriensli posITlve retroregUator lequence 
Km alter a tnl4U» ftawH l dta. 

- The platmtd pRAPI2tO vas 4ertv«d aimilar to pRAP2lt except that the N*{.l site in \r* vec. w «as 
ontr pwtlally repaired with dCTP lO leave • 9* C overhang and th« N-terminal coding r«tian ol H A wa» 
contained on • figLH (partially npdrcd vilh dTTP. dATP. ani dGTP Uavlng • )• Q overhang) 
Iflfpneni. 

The plkiinkl pRAPnv b ttte product of a thre«.w>7 UfiatlOA of U) the large t^l-BamHI vector 
frafPieat Of pSYCI0>9 and (h) fha ClalXUI Md (cJ the Qjal- BemH I fragment, VontaTnjng the H- 
terminal and th* ^terminal coding fegSon*, respectively, ol RA taken tram pit At k. 

pRATIt pPAT7, pRAP}l>. pRAPltiP and pllAP23« were peopegsled lA the %. liof I strain 
MMZW. pRATl and pRAT7 were maintained tjndet tmpidlltn selection; the pRAP Krlea «ere 
OMlnttined under chtommpntnlool selection. 

Eiprcssien ol the RA aequenoes in the pRAL plasmids was oornially achieved ty shifting eviy ta 
mid tog-phase Ailttjrcs Iiom 3tf|C to «3^C or ai desuibed in the Result* and Oiscusslon. This 
temperature ahilt norfitaliy results in induction of th* promoter, P|^> due tn inactlvalian of ihr 
fensltivc cljj^ rspressor with a ooncommUant increasa in plasmid copy numhc, f^or iha pRAT 
pUsmlds, protein expresilon was «i^)evvd by yrowlni cult<ircs in minimal me^lium lacking trypti>!>^«n( 
lor the pHAP piatmids, ei^resslon was achieved by ai towing lor phosphate depletion In tlx culiurrs as 
described by Michaelis iia[. (10). 

Ceil-Fraclinn^tion; Cultures. were concentrated by centritue>tJoa jutperidcd ai l/20th W l/Hh 
the origlr.ai volume In 0.0) » P8S, V)r»M mercaptqethyUn>ln«:, i mM ETkTA, tif li» 100 mM TrhCi, pH 
t.5, J mM EOTA, and sonicated tor i-*nin Iniervala u,Ug a Heat Sy»»enw Mod«i W-22311 Jnstromeet 
With a i/?* protK at power output » *nd >0» cyUe. Insoluble iTHSleilal was pelleted by cenirlWgaiion 
at 12,000 X g. we found that prolonged «>nic*tiwi ol Cells iA the Trt»/EDTA, pM l. j, ,yitem vas most 
efficient lor complete cell disruption aivl release ol protein. 

To release proteins secreted to the pcrlplaHn. Qimoti« shocks were perforoned as desrribed by 
Nossalend Heppel Ol). 

Prot«Hn Analysis and Activity Ai*cs>ment; Sodium dodccyl sulfatc^lyacrylamide gt| 
electroptvtresls (SDVPACC) analyies were pcrtormcd according to the methods ol Laetninll (J7). Ail 
rutfiing Kelt conuined 1 2. J* acryUmide; proteins were ttained with Coomasile- Western blot «^4l>^^s 
were alter Nya/i it^f^. 03). The Fermentation Group at Ceius CMporatioo iippltcd us with large 
qtiantitki ol tnr^uced cells to (acilttate prot'ln purificalion. Ctsenilally standard melltods ol 
Chromatography were cmpioycd to pwily rRA. Samplei «1 erlginally inio1ti»l* rRA «t greats' tnan 
9GW ptfflty as fudged by SOS-PAQE analyses were eaiily obtalrwd alter dilfercntial ccnlrifu|ai<'jn and 
cliromalo|i*prqr on jepAocryi i-Vao (ntvmacla). The erlglnaiiy lalubic rRA from xAXh^rt^ wat 
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kK:^b« cri).Murr «*» «»Kt»»lv«w* iia w rh)r, «t U.va» « 5. n» *« a 

p^:ft>'KS<i^<<f«.<l« <(%ti/»>ft;> j> «^Mir4n (Uvir.£: {t hid \>».H,M: 1ft iH^ >:(1 f'fwt ^vc<l $iKCntr^:kUi>!:«IM! «r'({:t 

P>S. {fiVunri Wit «a»he<i \ if.z v^wn-wft *m tiw-n *it:r * 4-.tO'* ];:y«tt 

{^fr iif; :«M >Mi'J £!-»::«««{ fi> iMtM ■ fiw rW^ tf4>:i(u<4 <r^ile4 *1 *J>i(f*«;tMI»:ly frtit ^tiCl «ftS 

df KriMby l^ern «t 4». ( t:4J ^xcc^t (htt JOS *4t {jK^hnScd ;n iuifrrt r,«<sw- The hrttai!) 
<pt)^4<:(»rK\; ftAi»h{*ii:<i. tl) akI ;)cer> {io^jfiiTe {tlri^.l were w(i;>(^ D. fttfl$, 
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rtihl tfl^MHMid {>^<V^K;t, ^WKT^ri ^f«:iikfi^Ii:^(K .^A'AtttirtX *' X'K :^t,>n«'>i pc,xi>::: »«^;;y 
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tftr* 2 » tog t>? wiv« RA. fe» rf« («)wvr>ajt pattj unci,, »w>r6»niijd>- C.i> *f>-; C/» 
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ftdJULTS ANO UlSCOSiWN 

<St>KA UW ar^ ^* tfif.<nv.<. fJNA UU ti;f<xt«:t *^«:ije<. (fv*n Unvcft <Juf<t«W Ctlftf t<«rt 



.a«>.vi;M TIW i;1>5;a w^jx-w* i^t Pi^ ; w« rtw>d(H«J t,y )t;i«.^iti;f ifij 

i;<l<7(i>K«tn)t) f^tfc«<ta)et. to it* lir»f «Aprt3iticn pia.tnijh» |j» (ij.'iAl. {jllAl taics, 

KMvUiwfl <»( fte « A w«j«tWft *»» »r.tit»i<^»< ill Ah ATC »tw » ifiteB«*;<Le<l *«Uwm up««f*<r« w 
flw <tt« 6x(«rt <ti tht 't-t:\itc iiv\fM ve^tuesK*. ATA Olff). As RA i« Mf»9ll]r pmmMd «t U« C.«iid 

*1 lb* >«««»<» Jt^utiit*. trr CftM» ♦i*>}> to #»M H*it;frin«f(;»4.«»i»«i4{Uft fRA 

Irt ihf »»RAl.{)t4K<,<>;»<.ei'}V«»>CAo( the f HA it^iKtK:* kr«ft tej(i44(tcd by jh* ^.«£<» X ^amvivt 

Ji), ]AUU!)y> l*» Clo<»*> <:ifit*i:a<»g "^-•Urri-nxtyc^ pRALf' 4«J At/, X-m^ <,V<'-i:i !:&HJii»j*:«t 
•^tr» AT* *♦« AT', vwc «PV''^P''k*ie;/ iw:»K*s* ftfrt Aiwiiywrt Uxx ka 

w«r»m4i!> »pp*rRr.t J*; ih* rtH* (^Ai'Yi)>g liw oft At ufO i»>* i>MAT «>i»»w;J<f* (nj, J.Jant* 4 J AfyJ i>>. 
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ABSTRACT Attempting gene transfer in muscle raises 
difficult problems; the nuclei of mature muscle fibers do not 
undergo division, thus excluding strategies involving replica- 
tive integration of exogenous DNA, As adenovirus has been 
reported to be an efficient vector for the transfer of an enzyme 
encoding gene in mice, we decided to explore its potential for 
muscle cells. Advantages of adenovirus vectors are their inde- 
pendence of host cell replication, broad host range, and 
potential capacity for large foreign DNA inserts. We con* 
structed a recombinant adenovirus containUig the ^-galaclo- 
sldase reporter gene under the control of muscle-specific reg- 
ulatory sequences. This recombinant virus was able to direct 
expression of the ^-galactosidase in myotubes in vitro. We 
report its in vivo expression in mouse muscles up to 75 days 
after infection. The efficiency and stability of expression we 
obtained compare very favorably with other strategies pro- 
posed for gene or myoblast transfer in muscle in vivo. 



The eventual correction of muscle diseases, and especially 
Duchenne muscular dystrophy (DMD), raises very difficult 
problems. As much as 50% of DMD cases are sporadic (1) and 
thus cannot be prevented by current genetic counseling and 
prenatal diagnosis approaches; this frequency is even higher 
in mitochondrial myopathies (2). It is thus necessary to 
actively explore therapeutic strategies. The main problems to 
overcome are the large number of muscles to be treated and 
the nondividing nature of mature muscle cells. Moreover, the 
size of the sequences coding for dystrophin 111 ,056 base pairs 
(bp)] is incompatible with most vectors used for gene trans- 
fer; in addition, dystrophin is an intracellular protein thought 
to have a structural role in the muscle cells, whereas most of 
the current gene therapy approaches concern circulating 
proteins such as ai-antitrypsin (3), or diseases due to an 
enzymatic defect, where a very partial restoration of the 
activity might be sufficient, such as adenosine deaminase (4). 

Two strategies have been proposed to date: myoblast 
transplantation (5) and direct DNA injection (6). We decided 
to explore a third route using adenovirus as a vector for gene 
expression in muscle cells. Such a vector has already been 
used to correct postnatally an ornithine transcarbamoylase 
deficiency in mouse (7, 8) and more recently to direct the 
expression of ai-antitrypsin in the rat lung epithelium (9). 

The advantages of adenovirus include (/) a large host range, 
thus allowing the use of the animal models available for DMD 
(the mdx mouse and the CXMD dog), 07) a low pathogenicity 
in man, (m) a capacity for foreign DNA in principle compat- 
ible with the size of the dystrophin mRN A [the properties of 
adenovirus should allow the insertion of >30 Icilobases (kb) 
of exogenous DNA, provided that a helper virus is used to 
propagate the recombinant virus], and (iv) the possibility to 
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obtain high titers of virus, which is important for in vivo 
applications. 

Our results suggest that adenovirus can be used to direct 
efficient gene expression in myotubes derived from rodent 
myogenic cell lines as well as in mouse muscle. 

MATERIALS AND METHODS 

Cell Lines, Cell Transfection, and Virus. Monolayer cul- 
tures of 293 cells (10) were propagated in minimum essential 
medium (MEM) supplemented with 10% fetal calf serum. The 
C2.7 (11) and the L6 myoblast cell lines were maintained in 
Dulbecco's modified Eagle medium (DMEM) with 20% fetal 
calf serum. Fusion of C2.7 myoblasts was induced w'hen cells 
were confluent by lowering the serum to 2%. The induction 
medium used for the L6 cell line was DMEM with 1% PCS 
and 10 /ig of insulin per ml. 

Transfections were performed using the calcium phosphate 
method (12). Adenovirus stocks were prepared by infection 
of 293 cells. Cells and media were harvested 25-30 hr after 
infection, and virus was released by three cycles of freezing 
and thawing. The dl 324 mutant of adenovirus type 5 contains 
a deletion of E3 (78.5-84.7 map units) and of El (nucleotides 
1334-3639). 

Animals. Mice were Fi individuals of the C57B6 X SJL 
strain. Injections (10-20 /xl of the viral suspension) were 
performed in the thigh of the animals either newborn, 1 week 
old, or 4 weeks old, at a single site. 

Construction of Plasmid pM^gal. Plasmid pM)3gal is de- 
rived from plasmid 'pCHllO (13). It contains the first 454 
nucleotides of adenovirus 5, followed by an enhancer frag- 
ment of the mouse myosin light chain 1/3 locus. This frag- 
ment was obtained by screening a plasmid containing the 3' 
end of the mouse MLCi/jp gene with a rat probe (14). An 
800-bp fragment that was isolated and sequenced was found 
to have >90% homology with the rat sequence and displayed 
at least a 30-fold enhancement, which was myotube specific, 
with the homologous promoter and a heterologous thymidine 
kinase promoter (S.T. and C. Biben, unpublished results). A 
fragment equivalent to nucleotides 387-680 of the rat se- 
quence was amplified by PGR before cloning into the plasmid 
pMjSgal, A mouse skeletal a-actin gene promoter, nucleo- 
tides -682 to +127 of the published sequence (15), was added 
between the enhancer and the /3-galactosidase sequences. 
The poly(A) signal is from simian virus 40 (Hpa l-BamUl 
fragment), and, finally, nucleotides 3328-6241 of adenovirus 
5 (including sequences coding for peptide IX) were added 
downstream of the poly(A) signal. 

Assay for )3-Galactosidase Activity. ^-Galactosidase activ- 
ity in cell lines was assayed as described using histochemical 
methods (16) or a colorimetric assay (17). For the in vivo 
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experiments, muscle samples were flxed and ^-galactosidase 
activity was revealed as described (16). 

RESULTS 

Construction of a Recombinant Adenovirus. A recombinant 
adenovirus was designed to direct the muscle-specific ex- 
pression of /3-galactosidase. It was constructed via homolo- 
gous recombination in vivo between the dl 324 mutant of 
adenovirus 5 and the plasmid pM^gal. The di 324 mutant is 
deleted for two segments of the viral genome (=*5 kb total) 
that contain the El and the E3 regions. E3 is not necessary 
for viral growth, and the absence of El can be transcomple- 
mented by the use of 293 cells, which harbor the El region of 
adenovirus 2. About 7 kb of exogenous DN A may be inserted 
without interfering with encapsidation of the recombinant 
genome. 

Plasmid pM/3gal contains sequentially the 5' inverted ter- 
minal repeat (ITR), which is necessary for replication, and 
adjacent packaging sequences of adenovirus 5, the /3-galac- 
tosidase gene of Escherichia coli under the control of a mouse 
a-actin gene promoter fragment reinforced by a muscle- 
specific enhancer sequence from the mouse MLC1/3F gene 
(myosin light chain), a poly(A) signal from simian virus 40, 
and sequences coding for polypeptide IX of adenovirus 5 with 
3' flanking sequences. The presence of polypeptide IX is 
necessary for encapsidation of a DNA with a size up to 104% 
that of the wild-type viral genome (18); it is absent from the 
dl 324 mutant. Initial experiments had shown that a recom- 
binant adenovirus containing only the a-actin promoter frag- 
ment as a muscle-specific regulatory sequence was not able 
to direct efficient expression in myotubes in culture. 

The linearized plasmid was cotransfected together with the 
large Cla I fragment of dl 324 DNA in 293 cells, which 
contains all of the viral genome except for 914 bp at the left 
end. Restriction analysis of the DNA content of the plaques 
obtained allowed us to isolate the recombinant adenovirus 
(Fig. 1); 8 of the first 10 plaques analyzed corresponded to the 
expected recombinant virus. 

Expression of ^Galactosidase in Myogenic Cell Lines. We 
have tested the expression of /3~galactosidase in two rodent 
myogenic cell lines infected with the recombinant virus. The 
mouse C2.7 myoblast line (11) can be induced to fuse into 
myotubes when confluent, by lowering the serum level in the 
culture medium. The cells were infected for 24 hr at various 
times before or after induction of fusion. Very little )S-galac- 
tosidase activity was observed before fusion (however, oc- 
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Fig. 1. Isolation of a recombinant adenovirus. MEN, enhancer 
of the mouse MCL1/3F gene; a, mouse skeletal o-actin promoter; 
^gal, ^-galactosidase gene of E. coii; AdIX» sequences coding for 
peptide IX of adenovirus, with 3' flanking region (nucleotides 
3328-6241 of adenovirus 5); ITR, ITR and packaging sequence 
(nucleotides 1-454 of adenovirus 5). 



casional blue-stained mononuclear cells were observed by 
histochemical staining), whereas strong expression was de- 
tected when virus was added at the time of induction or up to 
48 hr after it (further time points could not be obtained as the 
myotubes tend to detach from the plate, independent of virus 
infection) (Fig, 2). In similar experiments, high expression 
was also observed in the rat L6 myoblast line infected at 0, 
24, or 48 hr after induction of fusion. As in both culture 
systems, a majority of myotubes is present 48 hr after the 
beginning of fusion, our experiments suggest that nondividing 
myotubes can be infected efficiently. In contrast, no /3-ga- 
lactosidase activity was detected in infected 3T3 mouse 
fibroblasts, confirming the muscle specificity of the regula- 
tory sequences used. 

Expression of /7-GaIactosidase in Muscle of Infected Mice. 
To test whether the adenovirus construct is able to diicct 
j3-galactosidase expression in muscle, we injected 10* plaque- 
forming units into the thigh of either newborn, 1-week-old, or 
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Fig. 2, Expression of ^galactosidase in myogenic cell lines. {A) 
Cells were infected at different stages and ^galactosidase was 
assayed by a colorimetric method. The fusion medium was added 
after day 2. (B and C) C2-7 myotubes (B) and L6 myotubes (C) 
infected 2 days after addition of the fusion medium. 
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Tabic 1. Expression of ^galactosidase in muscle of 
infected mice 

Time of assay Number of mice 
after injection, " — — 



Age at infection 
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+ , 1-10 positive fibers; + + , U-30 positive fibers; ++ + , >31 
positive fibers. 



4-week-old mice. Very strong histochemical staining (>30 
positive fibers) was detected in the muscle around the injec- 
tion site up to 2 weeks after infection, even in mice that were 
infected at 4 weeks (Table 1). In the latter case, staining was 
present over a distance of at least 8-9 mm, and most of the 
positive fibers appeared stained over a length of 1,5-2 mm 
(Fig. 3). Of the 37 injected muscles (35 mice) that were 
analyzed at >20 days after infection, 16 showed low (1-10 
positive fibers) or moderate staining (11-30 positive fibers), 
and 6 showed strong staining at 60-75 days (Table 1, Fig. 3). 
No staining was observed in nonmuscle tissues surrounding 
the injection site. These data were obtained by staining the 
muscles as a whole. The internal fibers may not have been 
accessible to the reagents because of the tight structure of the 
muscle, thus leading to an underestimation of the number of 
stained fibers. This was confirmed by incising some infected 
muscles before staining: in addition to external fibers, some 
internal fibers appeared positive. 




The status of viral DNA sequences was followed by 
Southern blotting of injected muscle DNA. Most or all of the 
viral DNA was nonintegrated, since we only detected the 
expected fragments containing the inverted terminal repeat 
sequences, up to the last tested time point of 33 days (data not 
shown). The amount of viral DNA detected appeared rather 
stable, if the increase in muscle mass is taken into account. 

DISCUSSION 

Correction of muscle diseases by gene transfer represents a 
very difficult problem because of the very large mass of tissue 
involved. Two approaches have recently been proposed 
toward this long-term goal: myoblast transplantation (5) and 
direct introduction of plasmid DNA into mature muscle, by 
injection or by particle bombardment (6, 19). Although ret- 
roviruses have been used for gene transfer in muscle cells in 
culture (20), they cannot be used on noncycling cells and thus 
on myofibers. Their use would thus also involve myoblast 
transplantation (for instance, for gene correction using au- 
tologous cells). We have decided to explore the potential of 
adenovirus vectors for gene transfer in muscle, as host cell 
proliferation is not required for expression of the viral 
proteins. Such vectors have been used previously for effi- 
cient transfer of the ornithine transcarbamoylase minigene 
into the liver of the spf-ash mice, leading to phenotypic 
correction (7, 8), and more recently to target expression of 
Q!i-antitrypsin in the lung epithelium (9). 

We constructed a recombinant adenovirus that allows 
muscle-specific expression of a reporter gene, ^-galacto- 
sidase. It was tested successfully on two rodent myogenic 
cell lines and was then used in vivo by injection into muscle 
of mice. 

Very efficient expression was observed in short-term ex- 
periments (up to 15 days), with intense staining in many fibers 
over distances of at least 8-9 mm. This appears much better 
than that observed for similar experiments carried out by 
direct injection of plasmid, where staining was reported over 
a depth of 1.2 mm at 7 days after injection (6), or by pcirticie 
bombardment (19). Results were more variable in long-term 
experiments; however, moderate to high expression was 




Fig. 3. Expression of j3-galactosidase in muscle of infected mice. (A and B) Muscle of 4-week-old mice analyzed 14 days after injection. 
(C and D) Muscle of newborn mice analyzed 75 days after injection. (Bars = 2 mm.) 
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observed in 13 of 27 mice analyzed 48-75 days after injection, 
with positive fibers dispersed up to 1 cm. This can be related 
to the stable persistence of unintegrated adenovirus DNA, 
which was observed for at least 33 days in our experiments 
and for 3 months in various organs of rabbits injected 
intravenously with a different adenovirus recombinant (21). 
Stable muscle expression of reporter genes up to 60 days has 
also been reported by Wolff et al. (6) following direct iixjec- 
tion of plasmid DNA. It is difficult to compare our results 
with myoblast transplantation, where the presence of donor 
proteins was ascertained up to 99 days in the mdx mouse (5) 
and 92 days in a single DMD patient (who was also under 
parallel cyclosporin treatment) (22). In the most successful 
experiments in mdx mouse, 10-30% of fibers were dystrophin 
positive. However, it was reported that the success rate was 
higher in nude mice, even when compared with mi^or histo- 
compatibility complex-compatible mice made tolerant at 
birth. In addition, the migratory power of injected myoblasts 
was reported not to exceed a few millimeters (ref. 5 and 
references therein). 

One additional advantagous feature of such an adenovirus 
construct is the possibility to reach several muscles with a 
single injection. An intravenous route has previously been 
shown to be efficient for obtaining expression in liver (8) and 
has been tested for other organs (L.D.P., I. Makeh, M. 
Perricaudet, and P. Briand, unpublished). We have tested 
other routes of injection in preliminary experiments and 
obtained positive fibers in the thigh and abdominal wall of 
mice injected via an intraperitoneal route. 

The performance of the adenovirus vector for obtaining 
muscle-specific expression appears superior to those re- 
ported for DNA injection or particle bombardment (with 
respect to the size of the area where expression occurs 
and/or time length of expression). Up to now, the myoblast 
transplantation strategy has been favored (5, 23), and some 
assays on Duchenne patients have even been attempted (22). 
However, this strategy would require a large number of 
closely spaced injections, each with several million myo- 
blasts. Obtaining such amounts of cells for autologous trans- 
plantation (following transfer of a normal gene construct) 
would appear difficult for treatment of DMD, as it was 
reported that the replicative life-span of myoblasts already is 
much decreased early in the course of the disease (24). 
Heterologous transplantation would very likely require an 
immunosuppressive treatment. We feel that these problems 
justify the exploration of alternative strategies, although we 
recognize the very important issues raised by in vivo infection 
with live virus, even though the virus is replication incom- 
petent and does not appear to have transforming potential. 
Moreover, recombination with a wild-type infecting adeno- 
virus is very unlikely to generate a replication-competent 
recombinant. Meanwhile, it should be noted that such re- 
combinant adenoviruses may be useful for gene expression 
studies in mature myotubes, which appear difficult to trans- 
feet, and in muscle in vivo. 

We arc presently constructing a recombinant adenovirus 
carrying the 6.3-kb sequences coding for a minimal dystro- 
phin, corresponding to that described in a patient with a mild 
Becker muscular dystrophy (25) under the control of the 
same regulatory sequences. This dystrophin has a large 
portion of the spectrin-iike domain deleted. Thanks to the 
wide host range of adenovirus, this construct may be tested 



in the two available animal models for DMD, the mdx mouse 
and the CXMD dog. Although the size of the complete 
dystrophin coding sequence is incompatible with the present 
adenovirus vector, it should be possible to integrate it into a 
recombinant virus using a helper virus, since the only cis- 
acting sequences necessary for replication and encapsidation 
arc <1 kb (18). 

We thank Dr. C, Pinset for the gift of the cell lines, Dr. M. 
Buckingham for providing the enhancer and promoter fragments, 
cloned by Dr. S. Tajbakhsh and Dr. S. Alonso, respectively, Dr. M. 
Perricaudet for very helpful discussions, and the Association 
Fran^aisc centre les Myopathies for supporting this work. 
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um; only a small proportion of alveolar and 



M. A. Rosci\fcld, W. Siegfried, K.. Yoshimura, K. 
Yoncyama, M. Fukayama, L. E. Sticr, P. K. Paakkft, R_ 
G. Crystal, Pulmonary Branch, National Heart, Lung, 
and Blood TrLstirmc, National Institutes of Health, Bc> 
thfcjda, MD 20892. 

P. Gilardj, L. D. Stratford-Pcrricaudet, M. Pcrricaudet, 
Institut Gustavc Rou»y, Centre Nadonal dc la Recher- 
che Scicntifiquc Uniti Aftfoci^c 1301, 94805 Villcjuif 
Ccdcx, France. 

S. Jaliac, A. Pa\'irani, J.-P. Txcocq, Transgcnc SA, 67082 
Strasbourg, Prance. 



*To whom correspondence should be addressed. 
19A1*R1L 1991 



1 3. R. f . O'Reilly et al., in Preliminary Immuttodefieiency 
Diseases^ M. M. £ibl and F. S. Rosen, Eds. (Elsevier, 
New York, 1986), pp. 301-307 

14. Y. Reisner, L. Itzicovitrh, A. Meshorcr, N. Sharon, 
Proe. Nad^Arad. Sci. U.S^. 75,2933 (1978). 

15. E. Schwartz, T. Lapidot, D. Gozes, T. S. Singer, Y. 
Rdsncr,y. Immunol. 138, 460 (1987). 

16. R. K. Saiki ei ai, Science 239, 487 (1988). 

17. J, A. Todd, J. I. BcU, H. O. McDcvitt, Nature 329, 
599 (1987). 

18. K. S. Ronningcn, T. Iwc, T. S. Halstcnscn, A. 
Spurkland, E. Thorsby, Hum. Immunoi 26, 215 
(1989). 

19. We thwk M. Martclii, F. Aversa, A. Tcrcnzi, and W. 
Fricdrich for the samples of human BM; B. Mor- 
gcnstcni, G. Black, aitd D. Ochcrt Tor editorial 
assistance; and R. O'Reilly for critical review of the 
manuscript. Supported in part by a grant from the 
Ycda Fund of uic H. Lcvine (jcntcr for Applied 
Research, the Wcizmann Insdtutc of Science. 

19 Ko\'embcr 1990; accepted 7 February 1991 



airway epithelial cells go through the prolif- 
erative cycle in 1 day, and a large proponion 
of the cells are terminally differentiated and 
are, therefore, incapable of proliferation (i). 
In this regard, it may be difficult to transfer 
functional genes to the respiratory epitheli- 
um by means of vectors (such as retrovi- 
ruses) that rccjuire proliferation of the target 
cclLs for expression of the newly transferred 
gene (2). 

To circumvent the slow target-cell prolif- 
eration, we have used a recombinant aden- 
oviral vector to transfer a recombinant hu- 
man gene to the respiratory epithelium in 
\ivo. Host cell proliferation is not required 
for expression of adenoviral proteins (3, 4), 
and adenoviruses arc normally trophic for 
the respiratory epithelium (5). Other advan- 
tages of adenoviruses as potential vectors for 
human gene therapy arc as follows: (i) re- 
combination is rare; (ii) there are no known 
a.^<;ociations of human malignancies with 



adenoviral infections despite common hu- 
man infection with adenoviruses; (iii) the 
adenovirus genome (which is a linear, dou- 
ble-stranded piece of DNA) can be manip- 
ulated to accommodate foreign genes of up 
to 7.0 to 7.5 kb in length; and (iv) live 
adenovirus has been safely used as a human 
vaccine {3-S). 

The adenovirus (Ad) major late promoter 
(MLP) was linked to a recombinant human 
alAT gene {9) and was incorporated into a 
replication-deficient recombinant (Fig. 1) 
(5, 10). The vector has a deletion of a 
portion of the E3 region (that permits cn- 
capsidation of the recombinant genome 
containing the exogenous gene) and a por- 
tion of the viral Ela coding sequence (diat 
impairs viral replication) but contains an 
insert of an alAT expression cassette (Fig. 
1) {W, 11). After packaging into an infec- 
tious, but replication-deficient virus, Ad- 
al AT is capable of directing the synthesis of 
human alAT in Chinese hamstery ovary 
(CHO) and human cervical carcinoma 
(HcLa) cell lines (10). 

Wc obtained tmchcobronchial epithelial 
cells by bru.shiiig the epithelial surface of die 
tracheobronchial tree from the lungs of the 
cotton rat [Si^modon hispidiis.^ an experimen- 
tal animal used to evaluate die pathogenesis 
of respiratory tract infections caused by hu- 
man adenoviruses {12)]. The freshly re- 
moved cells infected in vitro with Ad-alAT 
expressed human otlAT mRNA transcripts, 
as demonstrated by in situ hybridization 
with a ^^S-labclcd antisensc human alAT 
RNA probe (Fig. 2). In contrast, no human 
alAT mRNA transcripts were observed in 
uninfected, freshly isolated tracheobronchial 
epithelial cells. Human alAT mRNA tran- 
scripts in the infected cells were capable of 
directing the synthesis and secretion of hu- 
man alAT, as shown by biosynthetic label- 
ing and immunoprecipitadon with a specific 
antibody to human alAT (Fig. 2ii). 11 le 
newly synthesized, secreted alAT was hu- 
man alAT, as shown by the fact that human 
alAT (Fig. 2E, lane 3), but not corton rat 
serum, blocked the antibody to human 
alAT. 

Ad-nlAT transferred the recombinant 
ntlAT gene to the cotton rat lung in vivo 
(Fig. 3). Human alAT transcripts were 
observed in the lungs 2 days after intratra- 
cheal instillation of Ad-alAT, but not in 
lungs of animals that received only phos- 
phate- buflPered saline (PBS) or in Ivmgs of 
animals that received the Ad5 Ela-deletion 
mutant, Ad-dl312 (13), Biosynthetic label- 
ing and immunoprccipitation of cxtracclla- 
lar protein from lung fragments removed 
froih infected animals demonstrated that dc 
novo synthesis and secretion of human 
alAT also occurred (Fig. 3B, lanes 11 
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tissue, and human eel AT was detected in the epithelial lining fluid for at least 1 week. 



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



through 15); this was not observed in unin- 
fected animals (lane 10) or in animals infect- 
ed with Ad-d]312. The de novo expression 
of the human alAT protein lasted at least 1 
week (lane 15), and the secreted human 
olAT was functional, as shown by its ability 



Adenovirus 



to form a complex with its natural target, 
human neutrophil clastasc (NE) (lanes 16 
dirough 18). 

Two lines of evidence demonstrated that 
die infection of the cotton rat lung with 
Ad-al AT took place in vivo and was not the 



Rg. 1. Recombinanc 
Ad veaor. (Top) 
Wild-type Ad type 5 
(Ad5) genome show- 
ing the Ela, Elb [map 
units (mu) 1.3 to 11.2; 
100 mu = 36 kb), and 
E3 (mu 76.6 to 86.0) 
regions. The recombi- 
nant vcrtor Ad-al AT 
is constructed by delet- 
ing the majority of the 
E3 region and 2.6 mu 
from the left end of 
Ad5 and adding to the 
left end the alAT 
expression cassette 
from the plasmid 
pMLP-alAT, which 
conrains regulatory se- 
quences and a recom- 
binant human alAT gene {10). (Bottom) Details of the alAT expression cassette. ITR, inverted 
terminal repeat. To construct the recombinant viral vector Ad'alA l\ we ligated the expression cassette 
with C)a T-precut Ad-dl327 DNA {23) (to remove a portion of the Ela region from Ad-dl327). The 
recombinant adenovirus DNA was transfected into the 293 cell line {24, 25)^ where it was replicated, 
encapsidatcd into an infectious virus, and isolated by plaque purification. Individual plaques were 
amplified by propagation in 293 cells, and the viral DNA was extracted {26) . The intaoness of the DNA 
of the recombinant virus was confirmed before use by restriction fragment analysis and Southern 
(DNA) blot. Stocks of Ad-al AT and the Ad5 Ela deletion mutant Ad-dl3l2 were propagated ajid 
dtered in 293 cells {24). The virus was released from infected cells 36 hours after infeaion by five cycles 
of fireeze-thawing. For some in vivo experiments Ad-al AT was further purified with CsCI (25). 
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Fig. 2. Expression of hu- 
man al AT in respiratory 
epithelial cells frcihly 
isolated from cotton rats 
infcrtcd with Ad-al AT 
in vitro. (A) Ad-alAT- 
infcctcd cells, antiscnsc 
probe. (B) As in (A) but 
for uninfected cells. (C) 
Ad-alAT-infected cells, 
sense probe. (D) As in 
(C) but for uninfeaed 
cells. (E) Human alAT 
biosynthesis and secre- 
tion. We anesthetized 
cotton rats (methoxyflu- 
ranc inhalation), ex- 
posed the trachea and 
lungs through a midline 
thoracic incision, and 

perftiscd the pulmonary vasculature with LHC-8 medium (Biofluids) to remove blood. The trachea was 
transected, and the tracheobronchial epitheHal cells (to the second order bronchi) were recovered with 
a cytologic brush. The epithelial cells were gently pelleted (30C^, 8 min, 23X), rcsuspcndcd in LHC-8 
medium, plated on fibronectin-coUagen-coated plates (27), and infeacd with 2x10^ plaque-forming 
units (PFU) of Ad-al AT in LHC-8 medium or, as a control, exposed only to LHC-8 medium. After 
1 day, we evaluated expression of alAT mRNA transcripts in cytoccntriftige prepararions by the 
technique of in situ hybridization {2B, 29) with ^^S-labeled sense and antiscnsc RKA probes (1 .2 x 10^ 
cpm/jil) prepared in pGEM-3Z (Promega). After hybridization, the cells were exposed to autoradiog- 
raphy film for 1 week and counterstained with hematoxylin and eosin (HE; all panels xS20). hi (E), 
the cells were infected as in (A). After 1 day, the cells were labeled with [^^S]methionine (500 jiCi/ml, 
24 hours, 37*C), and the supernatant was evaluated by immunoprecipitation with goat antibodies to 
human olAT (Cappel), SDS-polyacrylamide gel electrophoresis, and autoradiography (30). Lane 1, 
uninfected cells; lane 2, Ad-al AT-infcCTcd cells; and lane 3, Ad-alAT-infcctcd cells with unlabeled 
human olAT added to block the anribody. The position of migration of the 52-kD human alAT is 
indicated by the arrow. 




result of virus carried over into the in vitro 
biosynthetic analysis. First, immediate eval- 
uation of lung tissue removed 2 and 3 days 
after in vivo infection with Ad-otlAT re- 
vealed human alAT mRNA transcripts 
(l*igs. 3A and 4). Second, evaluation of the 
respiratory epithelial lining fluid of cotton 
rats 3 days after infection with Ad-al AT 
showed no evidence of infectious virus ca- 
pable of directing the biosynthcsi.s of human 
alAT, as evidenced by exposure of the 293 
cell line to epithelial lining fluid and "^^S- 
labelcd methionine, followed by immuno- 
precipitation analysis in a manner identical 
to that used for the analysis of the alAT 
biosynthesis by the lung fragments. 

Evaluation of die cotton rat lung by in 
situ hybridization with antiscnsc and sense 
alAT RNA probes revealed human alAT 
mRNA transcripts in lung cells of animals 
infected with Ad-alAT, but not in those of 
uninfected animals (Fig. 4). The expression 
of human alAT mRNA transcripts was 
patchy, as could be expecred from the meth- 
od of intratracheal admini.str.ition of Ad- 
alAT; more uniform expression should be 
achievable by modifications of vector deliv- 
ery methods, such as by aerosol. Consistent 
with the observation that cotton rat respira- 
tory epithelial cells were easily infected in 
vitro (Fig. 2), most of the transcripts were in 
epithelial cells; the available methodologies 
do not permit an accurate assessment of the 
distribution of expression among the multi- 
tude of epithelial cell types in the lung. 
Occasional grains were obsenxd wathin in- 
terstitial cells. 

Evaluation of liic fluid lining the epithe- 
lial surface of the lungs wiih n human 
alAT-specific enzyme- Hnked immunosor- 
bent assay (ELISA) demonstrated the pres^ 
encc of human alAT in animals infected 
with Ad-al AT, but not in those infected 
with the deletion mutant virus Ad-dl312 or 
in uninfected animals (Fig. 5). Human 
alAT could be detected at all the periods 
evaluated (days 1 to 7 after Ad-al AT infec- 
tion). No adverse effects were observed in 
the animals at any time after infection with 
eidier Ad-dl312 or Ad-alAT. Because die 
methods available for administration of Ad- 
alAT to the animals result in variable dcliv- 
er>' and retention of the vector, it is difficult 
to make quantitative animal-to animal com- 
parisons. Thus, the time course for alAT 
expression cannot be accurately determined 
at this time, although the dc novo biosyn- 
thesis data demonstrate that the lung is still 
actively synthesizing human alAT at day 7 
(Fig. 3B. lane 15). 

Our findings are relevant to gene therapy 
strategics for human diseases. The two most 
common lethal hereditary disorders of Cau- 
casians, alAT deficiency (allelic frequency 
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Fig. 3. Expression of human al AT mRNA tran- A 
scripts and synthesis and secretion of human 
al AT by cotton rat lung after Ad-al AT infection 
in vivo. Cotton rats were anesthetized, and Ad- 
alAT was diluted in 300 ^J^1 of PBS to 10« ^ 
PFU/ml and instilled into the trachea. Controls 
included 300 jil of PBS or 300 of PBS widi 
Ad-dl312 at 1 0* PFU/ml. After 1 to 7 days, lungs 
were exposed and lavaged, and the pulmonary 
vasculature was perfused with mcthionine-frce 1 2 3 4 5 

LHC-8 medium. (A) We extracted total RNA 
(i7), treated the RNA with an excess of dcoxyri- 

bonuclcasc (DNase) (RQl RNasc-Frcc DNasc, Promega), converted die 
RNA to cDNA by standard techniques, and amplified the cDNA by the 
polymerase chain reaction (PCR) for 25 cycles (32) with an adenoviral- 
specific primer in the tripartite leader sequences (Fig, 1 ) and a human olAT 
cxon Ill-spccific antisensc primer {33), PCR products were evaluated by 
agarose gel electrophoresis, followed by Southern hybridization with a 
human alAT cDNA probe that was ^^P-labeled by random priming (34). 
The size of tlic cxpcacd fragment (1062 bp) is indicated by the arrow. 
Reverse transcriptase was present in lanes, 2, 4, 6, and 8. Lanes 1 and 2, 
uninfected lung RNA from the cotton rat (PBS control); lanes 3 and 4, 2 
days after infection with Ad-dl312. Lanes 5 and 6, cotton rat 2 days after 
infection with Ad-al AT; lanes 7 and 8, a different rat» treated as in 5 and 6; 
lane 9, PCR control without RNA or DNA template. (B) At various times 
after infection, the lungs were minced, incubated for 1 hour in mcrhionine- 
ftec LHC-8 medium (37"C), and then incubated for 24 hours in medium 
with [^^S>methionine ( 1 ml of mcdium/150 mg of tissue; 500 |iCi/ml). The 
supernatant was then evaluated by immunoprccipitation with a rabbit 
antibody to human alAT (Bochringcr Mannheim), SDS-polyacrylamide 
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gels, and autoradiography as in 'Fig. 2E. Trichloroacetic acid-prccipitablc 
radioactivity was evaluated by immunoprccipitation (for lanes 10 to 15, 2 x 
10* cpm; for lanes 16 to 18, 1 x 10* cpm). Auroradiograin exposures for 
lanes 10 to 15 were identical; lanes 16 to 18 were evaluated at a different 
time, and the exposures adjusted such that the intensity of the alAT band 
without NE was similar to that in lane 13. We evaluated the ability of the 
synthesized human ulAT to inhibit its natural substrate, NE, by incubating 
the supernatant with various dilutions of active KE (30 min, 23°C) before 
immunoprecipitation. Lane 10. uninfected control; lane 11, 1 day iftcr 
infection with Ad-al AT; lane 12, same as in 1 1 but with antibody exposed 
to unlabeled human alAT before immunoprccipitation; lanes 13 through 
15, 2, 3, and 7 days, respectively, after infection with Ad-al AT; lanes 16 
through 18, 2 days after infection with Ad-al AT and with 3 nM, 30 nM, and 
300 nM NE added to the supernatant before immunoprccipitation, respec- 
tively. The uninfected control evaluated in parallel to lanes 16 through 18 
demonstrated no complexes. Indicated is the size of human alAT (52 kD) 
and the human alAT-human NE complex (81 kD). * 




0.01 to 0.02) and cystic fibrosis (CF; allelic 
frequency 0.022), have their major clinical 
manifestations in the lung {9, 14). In alAT 
deficiency, mutations of coding exons of the 
12.2-kb alAT gene result in decreased se- 
rum and, hence, lung Icvds of alAT, an 
antiprotcasc dtat normally protects the lung 
from destruction by the powerful proteolyt- 
ic enzyme NE (9). Consequently, affected 
individuals develop emphysema by age 30 to 
40, which results in a progressive respiratory 
impairment and a shortened life-span (15). 
Transfer of die normal alAT gene to lung 
cells has the potential to protert the lung 
from NE by local production of the func- 
tional antiprotcasc. 

In CF, mutations of coding exons of the 
250-kb CF gene are associated with abnor- 
malities in respiratory epithelial cell secre- 
tion of thick mucus, chronic colonization of 
the epithelium with pathogens such as Pseu- 
domonas aeruginosa, and airway inilammation 
dominated by neutrophils (14, 16). Because 
the Cl'^ secretory abnormalities of epithelial 
cells with the CF genotype can be corrected 
by the transfer of the normal CF gene in 
vitro (/7), it should be possible to overcome 
the expression of the abnormal gene by 
transfer of the normal gene to airway epi- 
dielial cells in vivo. 

A recombinant adenovirus-ornithine 
transcarbamylase (OTC) vector adminis- 
tered intravenously to spf-ash mice (OTC- 
dcficicnt) corrected the enzyme deficiency 
for at lea.st 1 year (18)^ which suggests that 
long-term expression is po.ssiblc. In the 
lung, long-terai expression would be aided 
by stable integration of the transferred gene 
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into the appropriate stem cells (1, 19, 20). 
Production of human alAT by lung cells 
continued for at least 1 week after in vivo 
infection with Ad-alAT. If an inability of 
the virus to infect stem cells limits the length 
of the time of expression, repedrive admin- 
istration of the recombinant virus could be 
used, as long as safety is ensured. 

Respiratory epithelial lining fluid (ELF) 
levels of alAT of 1.7 pM arc sufficient to 
protect the human lung from its burden of 
NE (21). Because the lavage fluid used to 
obtain the ELF diluted the ELF 50- to 



100-fold (22), we estimate that the actual 
ELF levels achieved in experimental animals 
with a single infection of Ad-al AT were 
~50-fold below threshold human protective 
leveL Theoretically, it may be possible to 
achieve higher levels of alAT by increasing 
the viral titer, delivering Ad-alAT by aero- 
sol (thus dispersing the vector over a broad- 
er surface area), and rcpeadng the adminis- 
trations of vector. 

The safety aspects for human gene therapy 
of the recombinant adenoviral vectors, un- 
like retroviral vectors, have not been cxam- 



Flg. 4. In sim hybridiza- 
tion evaluation of lung 
from cotton rats infected 
in vivo with Ad-al AT. 

(A) Uninfected lung (PBS 
control) with antisense 
probe. (B rhaiugh I) Sev- 
eral examples of Ad- 
alAT-infected lung. (B) 
Antisensc probe. (C) As in 

(B) but with sense probe. 
(D) Antisensc probe. (E) 
As in (U) but with sense 
probe. (F) Antisensc 
probe. (G) As in (F) but 
with sense probe. (H) An- 
tbensc probe. (1) As in 
(H) but with sense probe. 
Conon rats were infected 
in vivo as described in Hg. 
3, with 300 ^JLl of PBS alone or with 300 \i\ of Ad-al AT ddutcd to between 10** and 10'^ PFU/ml in 
PBS. After 3 days, the lungs were exposed, blood was removed by cardiac puncture, and the limgs were 
lavaged. The trachea and pulmonary vasculamre were perfused with 4% parafonnaldchyde (PFA; Pluka 
Chemical Corp.), the lungs were resected, fixed in 4% PFA, and frozen. Cryostat sections (7 to 1 0 ilpi) 
were serially treated with 0.2 M HCI and proteinase K (1 jtg/ml) immediately before hybridizatioti and 
evaluated widi ^^S-labclcd antisensc and sense RNA probes as described in Fig. 2. As far as was possible, 
serial sections were used for the antisense and sense probes. Ail cryostat sections were stained with HE 
(all panels x5l5). 
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Unlnlectsd AcMiaiZ Ac^alAT 
Fig, 5. The amount of human alAT in the 
respiratory ELF of cotton rats after in vivo infec- 
tion with Ad-alAT. Animals were infected intra- 
trachcaUy widi CsCl-purificd Ad-alAT (10® to 
10*° PFU/ml) as described in Fig. 3; controls 
included uninfected animals and those infected 
with a similar titer of Ad-dl312. From I to 7 days 
after infection, ELF was obtained by lavage of the 
lungs mth 2 ml of PBS. Lavage fluid was clarified 
(700^, 20 min), and the concentration of human 
alAT was quantified (in quadruplicate) with a 
human alAT-spccific EOS A (35) with a scnsi- 
tiviiy of s3 ng/ml. Each symbol represents die 
mean value of an individual animal. All uninfected 
animals, O; for infected animals, 1 (C, 2 (A, 
A), 3 and 7 (T, V) days after infection, 

respectively. No ol AT was detected by ELISA in 
the viral preparations used for infection. 
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Group I Intron Self-Splicing with Adenosine: 
Evidence for a Single Nucleoside-Binding Site 

MiciiAEL D. Been^ and Annk T. Perrqtta 

For seif-splicing of Tetrahymena ribosomal RNA precursor, guanosinc binding is 
required for 5' splice-site cleavage and cxon ligation. Whether these two rtucuoiis use 
the same or different guanosine-binding sites has been debated. A double mutation in 
a previously identified guanosine-binding site within the intron resulted in preference 
for adenosine (or adenosine triphosphate) as the substrate for cleavage at the 5' splice 
site. However, splicing was blocked in the exon ligation step. Blockage was reversed by 
a change from guanine to adenine at the 3' splice site. These results indicate that a 
single determinant specifies nucleoside binding for both steps of splicing. Further- 
more, it suggests that RNA could form an active site specific for adenosine triphos- 
phate. 



incd in detail. Safety is particularly impor- 
tant in weighing risk and benefit in response 
to alAT deficiency, in which augmentation 
therapy with human plasma alAT is avail- 
able \2i). In contrast, no definitive therapy 
is available for CF. Most human adults have 
antibodies to one of the three scrogroup C 
adenoviruses to which Ad5 belongs (5). 
This implies litde risk to those working with 
these vectors bur may have negative impli- 
cations for the virus as a gene transfer vector 
in tlic human lung. If such problems arc 
encountered, alterations in the vector con- 
strua may be helpful. The encouraging re- 
sults obtained with the Ad-alAT recombi- 
nant adenoviral vector in vivo suggest that 
similar recombinant vectors may be useful 
for in vivo experimental animal studies with 
genes such as the human CF gene. 
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GROUP I INTRONS SHARE CON- 
scrvcd sequence elements and a 
common core secondary structure 
(1). Consistent with these similarities, there 
is a common mechanism by which group I 
introns are excised and tlie exons ligatcd (2, 
3). A significant feature of all group I in- 
trons is die requirement for G (4) to initiate 
the splicing reaction (2, 5). The first step is 
a G-dependent cleavage at the 5' splice site. 
This step is a transcstcrification (phospho- 
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ester transfer) reaction in which the sub- 
strate G is covalendy joined to the 5' end of 
die intron. As a result, a free 3' hydroxyl 
group is generated on the U at the end of 
the 5' exon. In the secoiicl sicp oF the 
splicing reaction, the exons are ligatcd by 
another transesterification reaction. In tliis 
case, attack occurs at the 3' side of the 
conserved G at the 3' end of the intron 
(G414) (6) (Fig. 1), This G is essential for 
completion of the splicing reaction (7). The 
5' splice-site cleavage can be viewed as die 
"fonvard*** reaction, and the cxon ligation 
can be viewed as the "reverse" of the same 
reaction {8-10). This idea was dcmonstratcrd 
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ABSTRACT 

Uniformly nfiodified oligodeoxyribonucleotide NS'-^PS' 
phosphoramidates containing 2'-fluoro-2'-deoxy- 
pyrimidlne nucleosides were synthesized using an 
efficient interphase amidite transfer reaction. The 
3'-amino group of solid phase-supported 2'-fluoro-2'- 
deoxynucleoside was used as an acceptor and 
5'-diisopropylamino phosphoramidite as a donor of a 
phosphoramidite group in the tetrazole-catalyzed 
exchange reaction. Subsequent oxidation with aqueous 
iodine resulted in formation of an intern ucleoside 
phosphoramldate diester. The prepared oligo-2-fluoro- 
nucleotide N3'-^P5' phosphoramidates form extremely 
stable duplexes with complementary nucleic acids: 
relative to isosequential phosphodiester oligomers, 
the melting temperature 7^ of their duplexes with DNA 
or RNA was increased ~4 or S^C per modification 
respectively. Moreover, these compounds are highly 
resistant to enzymatic hydrolysis by snake venom 
phosphodiesterase and they are 4-5 times more stable 
in acidic media (pH 2.2-5.3) than the parent oligo- 
2'-deoxynucleotide N3'->P5' phosphoramidates. The 
described properties of the oligo-Z-fluoronucleotide 
N3'->P5' phosphoramidates suggest that they may 
have good potential for diagnostic and antisense 
therapeutic applications, 

INTRODUCTION 

Synthetic oligonucleotides have become powerful tools in 
modem molecular biology and nucleic acid-based diagnostics. 
They may become a new generation of rationally designed 
therapeutic agents based upon specific interference with gene 
expression via antisense or antigene modes of action (i,2). 
Additionally, use of natural and modified oligonucleotides as 
aptamers could offer an interesting approach to specific inactivation 
of proteins following liigh affuiity binding (3,4). Several 
modifications have been introduced to improve binding properties 
of oligonucleotides and their resistance to en2ymatic hydrolysis 
(5). Recently, we described a new class of oligonucleotide 
analogs, N3'-^P5' phosphoramidates, where the 3'-oxygen of 
each 2'-deoxyfuranose was substituted by nitrogen (f>-8). These 
compounds form unusually stable duplexes with complementary 



DNA and, especially, RNA oligomers, as well as stable triplexes 
with polypurine-polypyrimidine double-stranded DNA targets. 
Thermal stabilization of the duplexes formed by phosphorami- 
dates with single-stranded RNA was enhanced by up to 2.7° C per 
modification and with single-stranded DNA by up to 0.7^ C per 
modification. Additionally, these compounds form very stable 
homoduplexes, whose melting temperatures were 2. 1-2.3 °C 
per modification higher relative to their phosphodiester counterparts. 
The nature of the unusual stabihty ofN3'->P5'phosplionimidate 
hybrids is not yet completely clear. One of the factors contributing 
to the enhanced stabihty of the complex is a preference for 
N-sugar puckering of tiie 2'-deo?^furanose of the phosphoramidates 
over the favored S-sugar puckering of phosphodiesters (7,^>). 
Anotfier contributing factor may be increased hydration and rigidity 
of the phosphoramidates relative to tlie parent phosphodiesters (B). 

Oligonucleotide phosphoramidates are resistant to enzymatic 
hydrolysis by phosphodiesterases. Chemically, these compounds 
are stable under neutral and alkaline conditions and somewhat 
labile under acidic conditions. Acid-catalyzed hydrolysis of tlie 
pliophoramidate presumably proceeds via protonation of 
S'-nitrogen, followed by nucleophihc attack at phosphorus or by 
metaphosphate formation. Tliis leads to cleavage of tlie mter- 
nucleoside N-P bond and formation of nucleotidic fiagmcnts 
with terminal 3'-amino or 5'-phosphate groups (I C^. One of die 
possible approaches to increase acid stability of oligonucleotide 
phosphoramidates is to reduce the basicity of the 3'-mtrogen atom 
by placing a strong electron -withdrawing group nearby. An 
optimal candidate for this role could be fluorine, which is both 
strongly electron withdrawing and sterically undeinandmg. 
Phosphodiaster and phosphorotiiioate oligonucleotides containing 
2'-fluoro-2'-deoxynucleosides have been syntliesized for antisense 
(11,1 2) and ribozyme (.13) applications and they appear to adopt 
A- form duplexes determined by 3'-endo or N-sugar, puckering 
(!4,1S). 

Here we report synthesis and some physico-chemical properties 
of pyrimidine-containing oligo-2'-fluoro-3'-aminonucleotide 
N3'-^P5' phosphoramidates. These ohgo-2'-fluorophosphor- 
amidates, as will be sliown below, are more stable to ac:icl-c;it;ilyzai 
hydrolysis of the phosphoramidatc backbone and form exceptionally, 
stable duplexes with complementary DNA and RNA. Two 
different approaches to the synthesis of these compounds were 
developed: one utilizing Atherton-Todd type oxidative phospho- 
rylation coupling and another, more efficient method utilizmg a 
phosphoramidite transfer reaction. 
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a) DMIVCI; MsCl 

b) NaOH 

c) NAN3 

d) DAST 

e) H2,Pd/C 



Scheme 1. 



RESULTS AND DISCUSSION 

Preparation of moiioiuers 

Synthesis of the ohgonucleotide N3'— >P5' phosphoramidates 
containing 2'-fluoro-2'-deoxynucleosides was conducted using 
two types of monomers, the structures of which are shown in 
Schemes 1-3. 

Compound 1, 5'-DMT-2'-fluoro-3'-aminouridine was prepared 
according to Scheme 1 . This monomer was used for incorporation 
of 2'-fluoro-3'-aminouridine into oligonucleotide phosphoramidates 
via the oxidative phosphorylation method, which has been 
previously used for the synthesis of 2'-unmodified N3'->N5' 
phosphoramidates (6). First, uridine 3 was transformed into the 
5'-DMT-2',3'-anhydrolyxouridine 4 by successive reaction with 
DMT-chloride, mesyl chloride and sodium hydroxide (i '>). The 
2',3'-epoxy ring was then opened by treatment with sodium azide 
(16), producing 5'-DMT-3'-azido-3'-deoxyarabinouridine 5 as 
flie main product and isomeric 5'-DMT-2'-azido-2'-deoxy- 
xylouridine as a by-product, in an -3:1 ratio. Compound 5 was 
isolated by silica gel chromatography and then fluorinated with 
diethylaminosulfur trifluoride (DAST) to give 6. Finally, the 
azido group of 6 was reduced with hydrogen over palladium 
catalyst, giving 5'-DMT-2'-fluoro-3'-aminouridine 1 with a 5.3% 
total yield based on uridine 3. The structure of nucleoside 1 was 
confirmed by and ^^F NMR analysis and by mass spectro- 
metry (Materials and Methods). 

A difterent syndetic strategy, as oudined in Scheme 2, was used 
to prepare phosphoramidite building block 2. Uridine 3 was 
mesylated and tlien selectively benzoylated, with accompanying 
fomaation of the 2,2 -anhydiocycle by treatment with sodium 
benzoate, according to a literature procedure (17). These reactions 
resulted in compound 7 with 69-77% overall yields. By a second 
Uterature method (1 8), acid-catalyzed hydrolysis of 7 formed 
3'-mesyl-5'-benzoylarabinouridine, which upon treatment with 
ammonium hydroxide closed to fonn the lyxo-2',3 '-epoxide 8 in 
63-77% overall yields. Then, 2',3'-anhydrolyxonucleoside 8 was 
heated with ammonium azide. Contrary to previous suggestion (1 9), 
this reaction was not completely stereoselective, but produced a 
chromatogR^hically unresolvable rnixture of tfie desired 




a) MsCI e)NH4N3 ONaOH^HjO 

b) NaOBz 0 DAST j) CEOP(CI)(NIPr2) 

c) HCI, H2O g) H2, Pd/C 
(J)NIUOH h)MMTrCl 

Scheme 2. 




UMTiNH P MMTjNH F 

IS 2c 



a) POCI3, Irlazole, TEA; Nil40H 

b) BzCI 

c) H2, Pd/C 

d) MMTyCi 

e) NiOH» Pyr/MeOH/HjO; H*-Pyr dowex 
0CEOP(ClXNiPr2j 

Sclieiue 3. 

5'-ben2Dyl-3'-azidoarabinonucleoside 9 and its 2'-azido-2'-dcoxy- 
regioisomer 9i in an -2.5:1 ratio. Crude arabmonucleoside 9 was 
fluorinated with DAST to give 2'-fluoro-3'-azidonucleoside 10, tlien 
catalytically hydrogenated to give ^-fluoro-S'-Jiminonucleoside 11, 
wliich was separable from its regioisomer by silica gel chromatogra- 
phy. Protection of the 3 -amine witli a monometlioxytrityl (MMT) 
group followed by 5'-debenzoylation produced intennccliate 15, 
with 5'-phosphitylation producing the desired phospliorainiditc 
building block 2u in a 28% overall yield from anhydronuclcoside 8. 

Crude intermediate 10 was also used for preparation of the 
appropriately protected cytidine phosphoramidite 2c (Scheme 3). 
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The uracil base of 10 was converted to cytosine by adaptation of 
the method of Reese (20). Subsequent iV4-benzoylation and 
reduction of the 3'-a2ido to an amino group gave compound 13, 
which was separable from its regioisomer by silica gel chromato- 
graphy. Protection of the y-amine with an MMT group followed 
by selective 5'-0-debenzoylation produced iDtermediate 15. 
Subsequent 5'-phosphitylation led to the desired phosphoramidite 
2c in an 18% overall yield based on anhydronucleoside 8. 

Additionally, intermediates 12 and 15 were 5'-succinylated and 
loaded upon a CPG solid support by standard procedures (2 = ,22). 

It has been reported that 2'-deoxy-2'-fluoro-substituted nucleo- 
sides prefer V-endo sugar ring puckering or the N-conformation 
(15). Phosphodiester and phosphorothioate ohgonucleotides 
formed by these monomers are reported to adopt A-type duplexes 
in solution ( i i)- order to assess sugar ring conformations of 
2'-fluoro-3'-aminonucleosides and compare them with those for 
3'-amino-2'-deoxyribonucleosides as well as with parent ribo- 
nucleosides and 2'-deoxyribonucleosides, vicinal coupling con- 
stants for the anomeric and 2'-hydrogen atoms were derived from 
NMR spectra and are compared in Table 1 . It is important to 
mention that small coupling constants are indicative of 
Hl'-<::i'-C2 ~H2' dihedral angles close to 90'', which is character- 
istic of the N-conformation. Vicinal coupling constants for Y- and 
2'-hydrogens summarized in Table i suggest, in good agreement 
with the literature, that replacement of the 3'-hydroxyl by a 
3'-amino group favors N-conformation of the sugar rings (compare 
experiments 1 and 5, Table i ). Substitution of the 2'-hydroxyl by 



fluorine significantly increases the population of sugar N-con- 
formation: HI -H2' coupling was greatly decreased, indicating a 
Hr-Cr-C2'-H2' dihedral angle close to 90^ (experiments 4 and 
7, Table 1 ). For comparison, coupling constants determined for the 
ribonucleoside, 2'-methoxyribonucleoside and 2'-methoxy-3'- 
aminoribonucleoside are 2.4, 1.3 and 1.2 Hz respectively, also 
indicating a predominance of N-conformation (experiments 2, 3 
and 6, Table 1). Interestingly, these nucleoside conformations are 
related to the tliermal stability of duplexes tbrnied by their 
corresponding ohgonucleotides, which will be discussed later. 

Synthesis of oligo-2'-fiuoro-3'-aminonucleotide 
N3'->P5' phosphoramidites 

Two different approaches to the synthesis of the title compounds 
were developed. The first is analogous to the one being used for 
assembly of 2'-umnodified N3'->P5' phosphoramidates and is 
based on carbon tetrachloride-driven oxidative phosphorylation 
of a nucleoside 3'-<imine by a 5'-/f-phosphonate of another 
nucleoside (6,i O). In this scheme, 5'-DMT-2'-fluoro-3'-amino- 
nucleoside 1 was substituted for 5'-DMT-3'-amino-2'-deoxy- 
nucleo sides. Model dimer dU^npT was prepared using this 
scheme. The product was analyzed and isolated by reversed pliase 
(RP) HPLC in 70% yield and the structure was confirmed by 
anion detection elecjtro spray mass spectrometry (monoisotopic 
calculated and found mass was 548) and by acid-catidyzed 
hydrolysis, which gave 2'-fluoro-3'-amino-2'-deoxyuridine and 
5'-thymidylic acid (see Materials and Methods). 



Table 1. Chemical shifts and vicinal coupling constants for the HI' and H2' in 3'-aminonucleosides 



Experiment 


Nucleoside^ 


HI' (5, p.p.m.) 


J3H1'-H2' (Hz) 


Hr-H2" (Hz) 


1 


dU 


6.30, dd 


6.4 


6.4 


2 


rU 


5.87, d 


2.4 




3 




6.00, d 


1.3 




4 


duf 


6,10. ddb 


1.4 




5 


dUn 


6.17, dd 


3.0 


7.2 


6 


dlP\ 


5.92, d 


1.2 




7 




6.00, ddb 


<0.3 





*A11 nucleosides were 5 -0-DMT-protected and spectra were recorded in deuterochloroform; n, m and f represent 3'-amino, 2 -methoxy and 2'-fluoro groups 
respectively. 

•^j' Hr-F2' were 16.3 and 16.2 Hz for experiments 4 and 7 respectively. 



Table 2. Oligonucleotides and 7\n values of their duplexes 



Experiment 


Oligonucleotide* 












RNA*^ 


1 


UUUUUUUUUT, 18 


16.7; 24.6 


17.9; 20.3 


2 


U„pUnpUnpU„pU^pUnpUnpUnpU„pT, 19 


18.5; 38.2 


38.1; 47.2 


3 


UnpUnpUnpUjipU^npUnpUnpUnpUjipT, 20 


20.0; 41.0 


40.1; 49.3 


4 


UnpUiip UnpU^jipU^npUnp UnpUnpUnpT, 2 1 


23.4; 44.6 


44.5; 52.7 


5 


UfnpUfnpU^npUfnpUfnpUf,pUf,pUfnpUV>22 


37.4; 56.3 • 


55.6; 61.9 


6 


U^npU^npU^npU^U npUfnpUfnpUfnpUf^pUf,, 23 


39.4; 58.0 


55.6; 61.7 


7 


pU'np tJ^pU^pU^npU^p U ^pU^pU^pU^pT, 24 


34.6; 63.0 


55.2; 64.6 


8 


pU^npUfnpUfnpU%Uf,pUfnpUf,pUfnpUf„pUf„25 


39.5; 63.2 


56.4; 64.0 


9 


QipUnpUnpCjipUjip UnpCnp C^p U^pUnp A, 26 


44.2 


66.0 


10 


C^np U^npU^npC^np U^npU^npC^npC ^npU ^npU^^pA, 27 


56.9 


81.6 



*A11 2'-deoxy compounds; np, f, p and n represent 3'-NHP(0)(0-)0-5' intemucleoside link, 2'-fluorine, 5'-phosphate and 3'-amine respectively. 
^Tni was determined with 3 oligonucleotides; first values were determined in 10 mM sodium phosphate, 150 mM sodium chloride, pH 7.04; 
second values were determined in the same buffer containing an additional 10 mM magnesium chloride. 

*Complementaiy target; poIy(dA) or poly(rA) for experiments 1-6, d(yffiVAGGAAGAAGC) or r(AUAAGGAAGAAGC) for experiments 9 and 10. 
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MMTtm F 




«) CHCI2OOH R - llnker-CPG 

b) 2, tetrazole = H, PO32- 

c) l2,H20 r2 = OH,NH2 

d) (CH jC0)20, NM I R3 = H, P 

«) repetition of steps aHI) B = Vra, cyft", Cyt 
ONH3 



0^ 



02 



ai 



20 



30 



Minuted 



Figure 1. Ion exchange HPLC profile of the crude reaction mixture from 
synthesis of oligonucleotide 27 (Table I). Pharmacia MonoQ 5/5 column was 
used for the analysis and gradient conditions are given in ref. 8. 



Scheme 4. 



The same synthetic strategy was used to introduce one or two 
2 -fluoro-3'-aininonucleosides into longer oligonucleotide phos- 
phoramidate chains. Compounds 20 and 21 (Table 2), containing 
one or two 2'-fluoronucleosides in the middle of tfie charri, were 
prepared and isolated by ion exchange (IE) HPLC. Coupling 
yields of the 2'-fluoronucleoside 1 did not exceed 70 75% (in 
contrast to 94-96% for the 2'-deoxynucleosides), as judged by 
step- wise measurement of released DMT cation and by IE HPLC 
analysis. Poor coupling efficiency of monomer 1 is probably due 
to a significantly diminished nucleophihcity of the 3'-amine by 
the nearby electronegative fluorine. Thus, incorporation of more 
than two 2'-fluoronucleosides by this method was difficult and 
impractical. 

To overcome this problem, we developed another approach for 
the synthesis of nnifonnly modified oligo-2'-fluoronucleotide 
phosphoramidites. This is based on a phosphoramidite transfer 
reaction (for other appHcations of amidite transfer reactions in 
oligonucleotide chemistry see refs 23-25) between incoming 
5'-dusopropylamino-2-cyanoethyl phosphoramidite 2 (Scheme 2) 
and the 3'-amino group of solid-phase supported 2'-fluoro-3 - 
aminonucleosides, according to the method outlined in Scheme 4. 

Every synthetic cycle of ohgonucleotide chain elongation 
consisted of the following chemical steps: (i) detritylation with 
acid of the 3'-amino group of nucleoside attached to a soUd 
support through the 5'-terminus; (ii) a tetrazole-catalyzed amidite 
transfer reaction between 5'-diisopropylaminophosphoramidite2 
and the 3'-amino group of the nucleoside on a solid support, 
resulting in formation of an intemucleoside phosphoramidite 
diester group, which may be repeated with intemiediate washing 
with acetonitrile to achieve slightly liigher efficiency of chain 
elongation; (iii) oxidation of tlie newly formed intemucleoside 
phosphoramidite diester into a phosphoramidate diester group 



with aqueous iodine; (iv) capping of the unreacted 3'-amino 
groups with acetic anhydride. 

This cycle can be repeated, resulting in ohgo-2 -lluoroimcleo- 
tide N3'-^P5' phosphoramidates after cleavage from the solid 
support and deprotection witli ammonia. The average coupling 
efficiency as determined by released MMT cation assay was 
-94-96% with single coupling per cycle and -96% with double 
application of step (ii) per synthetic cycle. In this reaction, the 
strong electronegativity of the nearby fluorine appears to 
facilitate couplmg, by loweruagthe basicity of the ammonucleo- 
side 3'-nitT0gen and pushing the equilibrium toward the more 
stable intemucleoside phosphoramidite. Several oligo-2'-fluoro- 
nucleotide phosphoramidates were i^thesized using the described 
procedures and their sequences and some physico-chemical 
characteristics are given in Table I, A representative IE HPLC 
profile of a crude ohgomer synthesis is shown in Figiwe 1. The 
hydrolytic stability and duplex forming properties of these 
oUgonucleotides were studied and the results are presented below. 

Hydrolytic stability of oligonucleotide N3'^P5' 
phosphoramidites 

The stability of the oligo-2'-fluoro- in comparison with the 
oligo-2'-deoxynucleotide N3'— >P5' phosphoramidates toward 
enzymatic hydrolysis was evaluiited next. Tlius, phosphonimicliites 
19 and 24 (Tabic H) were treated with snake venom phosphodies- 
terase and alkaline phosphatase (for conditions see Materials and 
Methods) and analyzed at successive time points by IE HPLC. 
Under the conditions used, oligo-2'-deoxyphosphoramidatc 19 
and oHgo-2'-fluorophosphorcimidate 24 were hydrolyzed progress- 
ively and at similar rates, with calculated half-lives of the 
full-length strands equal to 4.9 and 5.4 h respccli\'el\'. In 
comparison, decathymidylic acid with natui*al phospliodiester 
linkages was completely digested to thymiduie within 10 min 
under the same conditions. 
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Table 3. Acid stability of the oligonucleotide N3'-»P5' phosphoramidates 



Experiment Oligonucleotide 



1 UnpUjipUnpUjipUnpUjipUnpUnpUjipT, 19 



Additionally, the stability of the phosphoramidates toward 
acid-catalyzed hydrolysis was studied. Oligonucleotides 19 and 
24 were incubated at room temperature in 10% acetic acid, pH 2.2, 
or in 20 mM sodium acetate buffers, pH 4.7 and 5.3. The 
hydrolysis reactions were monitored by IE HPLC and tlie data are 
summarized in Table 3. The observed half-lives of full-length 
oligonucleotide 19 at pH 2.2, 4.7 and 5.3 were 21 .5 miu and 12.3 
and 68 h respectively. The oligo-2'-fluorophosphoramidate 24 
was noticeably more stable under these conditionSj with respective 
half-lives of this full-length oligomer of 61 min and 66 and 309 h. 
These results demonstrate a markedly reduced 3'-nitrogen 
basicity due to electron-withdrawing 2'-fluorine, with consequently 
greater acid stability of ohgo-2'-fluorophosphoramidates relative 
to the parent oligo-2'-deoxyphosphoramidates. 

Notably, oligo-2'-fluoro-3'-aminouriduie phosphoramidate 22 
is not stable to prolonged heating in concentrated aqueous 
ammonia, with by-products becoming detectable by IE HPLC 
after heating at 55 "^C for more than 1 h. After incubation for 8 h, 
nearly 50% of 22 was transformed into closely eluting products, 
which were isolated and analyzed by mass spectrometry. Two 
modifications were tentatively identified as arising from 02 
uracil-mediated elimination of 2-fluorme: full-length oligo- 
nucleotides containing one arabmonucleoside phosphoramidate 
or one 2,2'-anhydronucleoside phosphoramidate residue. Similar 
transformation to arabinouridine has been reported for an 
oligomer containing 3 -terminal 2'-fluorouridine (26). A third type 
of modification was detected but not identified (M+l 5 a.m.u.). In 
contrast, oligo-2'-deoxy-3 -aminouridine phosphoramidite 19 
was stable to concentrated ammonia at 55° C even for 16 h. 

Thermal stability of the phosphoramidite duplexes 

We evaluated the ability of the oligo-2'-fluoronucIeoside phos- 
phoramidates to hybridize with complementary DNA and RNA. 
Melting temperatures were determined for duplexes formed 
under close to physiological salt concentrations and the results are 
summarized m Table 2. Substitution of one 2'-deoxynucleoside 
by one 2'-fluoronucleoside in a phosphoramidate decamer led to 
an increase in by ~2'^C for either DNA or RNA hybrids 
(experiments 2 and 3, Table 2). Accordmgly, replacement of two 
2 -deoxynucleosides with 2'-fluoronucleosides in the same 
phosphoramidate decamer led to an increase in duplex Ty^oi 
3. 5-6.4 In contrast, others have reported tliat substitution with 
two central 2'-fluoronucleosides destabilizes the duplexes of 
phosphodiester oligomers (27). 

Substitution of all 2'-fluoronucleosides for 2'-deoxynucleo- 
sides in the decamer phosphoramidate resulted in significant 
enhancement of duplex thermal stability: 7^ values were 
increased by 16~25°C (compare experiments 2 and 5, 6 and 7 
Table 2). The data show that further increases in the proportion 
of N-sugar ring pucker in the N3'-^P5' phosphoramidates as well 
as additional negative polarization of 3-amino groups (by 
2'-fluorine) substantially stabilized oligonucleotide duplexes. It is 



n/2(h) 

pH 2.2 pH 4.7 pH 5.3 

"034 1I3 68 

1.0 66 309 



noteworthy that 7^ values of the duplexes fonned by 2'-fluoro- 
amidates were 38-44 °C liiglier tlian tliose of isosequential phos- 
phodiester compounds, with 4-5*^0 per modification iaicreases in 
melting temperatures (compare experiments 1, 5 and 6, Table2). 

The mixing curves obtained for die oligonucleotides from 
experiment 6 (Table 2) in melting bulfers containing 10 mM 
magnesium chloride demonstrate 1:1 stoichiometry of the 
complex formed by phosphoramidate 23 and tlie complementary 
polypurine strand. Moreover, thermal dissociation experiments 
conducted within the 15-80°C temperature range resulted m 
single transition melting curves with liighest hypochromicity 
(-25%) for the 1 : 1 mixtures of purine and pyrimidine strands, but 
not for tlie 1 :2 mixtures (15%). These data indicate that duplexes, 
not triplexes, are likely fonned by the tested oligoiuicleolidc 
phosphoramidates under the hybridization conditions used. 

The same trend in duplex thermal stability was observed for 
mixed base 1 Imer 27 (Table 2), which formed more stiible hybrids 
with complementary DNA and RNA than did the analogous oUgo- 
2'-deoxynucleoside phosphoramidate 26 (compare experiments 9 
and 10, Table 2). 

In conclusion, the ohgonucleotide N3'->P5' phosphoramidates 
containing 2'-fluoro-3'-aminonucleosides were synthesized using 
two different approaches, with the phosphoramidite transfer 
reaction shown as an efficient method for assembly of uniformly 
modified oligomers. The 2'-fluoro-modified phosphoramidates 
form extremely stable duplexes with complementary DNA tmd 
RNA under close to physiological conditions, where 7,^ values 
were increased by 4-5*^0 per modification relative to natural 
phosphodieslers. In addition, tliese compounds were more stiible 
in acidic media Uian 2'-deoxynucleoside phosphoramidates and 
are comparably resistant to' enzymatic digestion by snfike venom 
phosphodiesterase. The described properties of the oligo-2'-fluoro- 
3'-aminonucleotide phosphoramidates indicate tliat tliey have 
good potential as diagnostic and possible antisense agents. 

MATERIALS AND METHODS 

General methods 

Phosphodiester oligodeoxyribonucleotides and oligoribonucleo- 
tides were prepared on an ABI 3 SOB DNA synthesizer using 
standard protocol via the phosphoramidite method (2-) Oliijo- 
nucleotide N3'-»P5' phosphoramidates, containing 2'-deoxyribo- 
nucleosides and one or two 2'-fluoronucleosides were 
synthesized using the oxidative phosphorylation method on a 
ABI 394 synthesizer as previously described (S). Unifonnly 
modified oligo-2'-fluoronucleotide N3'-^P5' phosphoramidates 
were prepared by tlie amidite transfer reaction on an ABI 3 SOB 
syntliesizer using the following protocol: (i) detritylation, 5% 
dicliloroacetic acid in dichlorometliane, 1 min; (ii) coupling, 0.1 M 
phosphoramidite 2 and 0.45 M tetrazole in acetonitrile, 3 min; 
(iii) oxidation, 0.1 M iodine in tetrahydrofliran/pyridine/water. 
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10/10/1 v/v/v, 1 rain; (iv) capping, acetylation of unreacted 
3'-amino groups by standard ABI capping solutions, 30 s. 

Chemical steps within the cycle were followed by acetonitrile 
washing and flushing with dry argon for 0.2-0.4 min. Alter cleavage 
from the solid support and deprotection with concentrated 
aqueous ammonia (1-1.5 h, 55° Q ohgonucleotides were analyzed 
and purified by IE HPLC. Ohgonucleotides were desalted on 
Pharmacia NAP-5 or NAP- 10 gel filtration columns immediately 
after purification and stored frozen or lyophihzed at -18°C. 

Preparation of the 5'-phosphorylated ohgonucleotides was upon 
sulfone-derivatized CPG (2.9) and 5'-hydroxyl ohgomers were 
synthesized upon oligonucleotide^succinyl CPG. 

Oligonucleotide thermal dissociation experiments were carried 
out as previously described Q\ with melting buffers as listed in 
Table 2. 

Acid hydrolysis of 0.17 OD260 of flie dimo- dU^npT was in 25 |ill 
64% acetic acid (2 h at SS^'C) and the reaction mixture was 
analyzed by RP HPLC. Approximately 83% of the dimer, 
retention time (Rt) 15.0 min, was hydrolyzed to mainly S'-thymi- 
dyhc acid, Rt 10.6 min, and 2'-fluoro-3 -aminouridine, Rt 11,2 min, 
as identified by co-injection with autlientic standards. Also, 
-7,5% of thymidme, Rt 12.1 min, was found in tlie reaction 
mixture. 

Acid hydrolysis of the ohgonucleotide phosphoramidates 
(Table 3), 1-3 OD26O of was carried out at room 

temperature in 0.1-0.2 ml 1 0% acetic acid, pH 2,2, or in 20 mM 
sodium acetate buffers, pH 4.7 and 5.3. For enzymatic digestion, 
0.2 OD26O of oligonucleotides 19 and 22 (Table 2) were treated 
with 0.02 U snake venom phosphodiesterase and 0.8 U alkaline 
phosphatase (Sigma, St Lx)uis, MO) in 0.2 ml 10 mM Tris-HCl 
buffer, pH 8.9, at room temperature. Ahquots from the reaction 
mixtures were taken at multiple time points and analyzed by IE 
HPLC. 



5'-0-DMT-2',3'-aiihydrolyitouridine(4) 

This was prepared according to (1 6) in 64% yield after chromato- 
graphy. Mass spectrometry, FAB^, M+H"*", calculated, 529.1975; 
observed, 529.1963. ^HNMR 5 7.58 (d, J = 8.2 Hz, IH), 7.5-7.2 
(mm, lOH), 6.86 (d, J = 8.2 Hz, 4H), 6.20 (s, 1 H), 5.68 (d, J = 8.1 
Hz, IH), 4.20 (dd, J - 5.8, 5.8 Hz, IH), 3.96 (d, J = 2.9 Hz, IH), 
3.92 (d, J = 3.0 Hz, IH), 3.82 (s, 6H), 3.47 (dd, J = 5.9, 9.7 Hz, 
IH), 3.38 (dd, J - 5.7, 9.6 Hz, IH). 



5'-0-I)MT-3'-a/id o-3'-deoxyarabinouridine (5) 

To 13.8 g (26 mmol) 4 in 500 ml acetone was added 200 ml H2O 
and 12.0 g (185 mmol) NaN3. The mixture was refluxed 
overnight, then concentrated m vacuo to remove tlie acetone. The 
resultant slurry was extracted with 600 ml CH2CI2, which in turn 
was washed with water (3 x 250 ml). Concentration of the 
CH2CI2 layer and flash chromatography of the crude product 
provided 6.0 g (40%) of a pale yellow sohd. Mass spectrometry, 
FAB+, M+H+, calculated, 572.2145; observed, 572.2147. ^H 
NMR5 9.4 (brs, IH), 8.07 (d, J = 8.1 Hz, IH), 7.4-7.3 (mm), 6.89 
(d, J = 7.9 Hz, 4H), 6.10 (d, J = 5.5 Hz, 1 H), 5.46 (d, J = 8.1 Hz, 
IH), 4.55 (m, IH), 4.19 (dd, J = 7.2, 7.7 Hz, IH), 3.84 (m, IH), 
3.83 (s, 6H), 3,64 (dd J = 2.6, 1 1 .3 Hz, IH), 3.43 (dd, J = 2.6, 1 1 .4 
Hz, IH). 



5'-0-DMT-.2'-nuoro-3'-azido-2',3'-.dideoxyuridine(6) 

To 6.0 g (1 0.5 mmol) 5 in 120 ml anliydrous DMF was added 
2.4 ml (18.2 mmol) diethylaminosulfur trifluoride. The mixture 
was stirred for 16 h, then poured into 300 ml cold saturated 
aqueous NaHC03. The product was extracted with 500 ml ethyl 
acetate, which in turn was washed with water (2 x 500 ml). 
Concentration of the organic layer and flash cliromatograpliy of 
the crude product provided 2.9 g (48%) of an off- white solid. 
Mass spectrometry, FAB"^, M"^-, calculated, 573.2024; observed, 
573.2011, ^H NMR 5 8.95 (br s, IH), 7.91 (d, J - 8.1 Hz, IH), 
7.2-7.4 (mm, 1 IH), 6.88 (d, J = 8.6 Hz, 4H), 6.02 (d, J = 17.2 Hz, 
IH), 5.42 (d, J = 8.1 Hz, IH), 5.27 (dd, J = 3.7, 55.0 Hz, IH), 4.24 
(m, IH), -4.21 (partially overlapping with signal 4.24 p. p.m., 
presumed ddd, J -4, 4, -25 Hz, IH), 3.82 (s, 6H), 3.71 (d, J = 1 1.4 
Hz, IH), 3.49 (d, J = 11.3 Hz, IH); ^^FNMR 6-196.7 (dddd, est. 
J = 3, 17, 25, 55 Hz). 

5'-0-l)M r-2'-nu oro-3'-ammo-2',3'-dideox\airidine (1) 

To 2.9 g (5 . 1 mmol) 6 in 75 ml 95% ethanol was added 0.5 g 1 0% 
palladium on carbon. The mixture was hydrogenated at 40 p.s.i. 
overniglit and then the catalyst removed by filtration. The solvent 
was removed in vacuo and the resultant solid purified by flash 
chromatography to give 1 .2 g (43%) of product as a wliite powder. 
Mass spectrometry, FAB^ M+H+ calculated, 548.2197; observed, 
548.2206. iH NMR 6 8.04 (d, J = 8.0 Hz, IH), 7.9 (hx m, IH), 
7.2-7.4 (mm), 6.85 (d, J = 8.4 Hz, 4H), 6.00 (d, J = 1 6.2 Hz, IH), 
5.32 (d, J = 8.7 Hz, IH), 4.83 (dd, J =3.9, 52.2 Hz, IH), 3.88 (br 
d, J = 11 Hz, IH), 3.8 (s, 6H), 3.8-3.7 (mm, 2H), 3.52 (dd, .) - 2.6. 
11.1 Hz, IH); i^F NMR 6 -200.1 (ddd, J - 16.4, 27.. 5, 52.1 Hz). 

3'-0-MethanesulfonyI-5'-0-benzoyl-2.2'-anhydroarabino- 
uridinc (7) 

This was prepared in two steps Irom 3 according to the procedure 
of Codington et al. (17) in 69-77% overall yields. 

5 -O-benzoyl-2',3 -anhydrolyxouridinc (8) 

This was prepared in two steps from 7 according to the procediu-e 
of Codmgton et al (18) in 63-77% overall yields. 

3'-Azido-5'-0-benz9yl-3'-deoxyarabinouridiiie (9) 

This was prepared from 8 and anhydrous NH4N3 (? C0, according 
to the procedure of Reichman et al. (1 9), but without succcssrui 
recrystallization. Mass yields were 98% or greater, but NMR 
suggested 25-35% of the regioisomer, 2'-azido-5'-0-benzoyl-2'- 
deoxyxylouridine 9i, which co-eluted with die desired product on 
sihca gel TLC. ^H NMR, major component 9 5 10.8 (br s, IH), 
8.1 1 (d, J = 7.5 Hz, 2H), 7,68 (d, J = 8.1 Hz, IH), 7.62 (d, J = 7.3 
Hz, IH), 7.5 (m, 2H), 6.19 (d, J = 3.6 Hz, IH), 5.40, (d, J = 8.0 
Hz, IH), 4.84 (m, IH), 4.73 (d, J = 5.7 Hz, IH), 4.63 (brd, J = 4.2 
Hz, IH), 4.2 (mm, 2H); minor component 9i 5 10.6 (br s, IH), 
8.1 1 (d, J = 7.5 Hz, 2H), 7.81 (d, J = 8.1 Hz, IH), 7.64 (d, J = 7.5 
Hz, IH), 7.5 (m, 2H), 5.85 (s, IH), 5.47, (d, J - 8.1 Hz, 1 H), 4.86 
(m. III), 4.76 (d, J = 5.4 Hz, IH), 4.62 (br d, J = 4.0 Hz, IH), 
4.3^.2 (mm, 2H). 

2'-FIuoro-3'"azido-5'-0-benzoyl-2',3'-dideox>^ri'Hii<: (1 0) 

To 5.0 g (13.4 mmol) crude 9 (containing 25% 91) in 30 ml 
anhydrous CH2CI2 was added 8.8 ml (66.6 mmol) diethylamino- 
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sulfur trifluoride. After stirring for 48 h, the mixture was diluted 
with 100 ml CH2CI2 and poured into 200 ml saturated aqueous 
NaHCOs. When evolution of gas ceased, tiie CH2CI2 layer was 
washed with 1 00 ml fresh NaHCQs solution and then with water 
(2 X 100 ml). Concentration of the CH2CI2 layer in vacuo and 
flash chromatography gave 3.5 g (70%) of product containing 
20% of the largely chromatographically unresolvable isomeric 
impurity 101. 'HNMR, major component 10 6 8,7 (br s, IH), 8.07 
(d, J - 7.4 Hz, 2H), 7.62 (d, J = 7.5 Hz, 1 H), 7.49 (dd, J = 7.6, 7.6 
Hz, 2H), 7.39 (d, J = 8.1 Hz, IH), 5.70 (d, J -21.1 Hz, IH), 5.65 
(d, J = 8.2 Hz, IH), 5.48 (dd, J = 4.7, 52.9 Hz, IH), 4.7-^.4 
(unresolved), 4.32 (dd, J = 4.7, 9.5 Hz, IH), 4.27 (dd, J = 4.7, 9.5 
Hz, IH); minor component 101 6 8.7 (br s, IH), 8.03 (d, J = 7.2 
Hz, 2H), 7.64 (d, J = 7.6 Hz, IH), 7.51 (dd, J = 7.4, 7.7 Hz, 2H), 
7.33 (d, J - 8.2 Hz, IH), 5.99 (d, J = 6.4 Hz, IH), 5.67 (d, J = 9 
Hz, IH), 5.40 (ddd, J = 2.8, 5.0, 53.4 Hz, IH), 4.8^.4 
(unresolved), 4,10 (mm, 2H); ^^F NMR, major component 6 
-1 93. 1 (ddd, J = 21 .8, 21 .9, 52.8 Hz); minor component 6 -1 97.3 
(ddd, J = 17.2, 23.2, 53.4 Hz). 

2-FUioro-3-amino-5'-0-ben2oyl-2',3'-dideoxyuridine (11) 

To 3.5 g (9.3 mmol) crude 10 (20% lOi) in 200 ml 95% ethanol 
was added 600 mg 10% palladium on carbon. The suspension was 
hydrogenated at 40 p.s.i. overnight and then the catalyst removed 
by filtration. The solvent was removed in vacuo, giving 2.93 g 
(90%) of a Hght yellow solid consisting of two compoimds wliich 
were resolvable by TLC. Flash chromatography provided 1 .96 g 
(60% yield) of the desired product as a pure white solid. Mass 
spectrometry, FAB''', M+H"*", calculated, 350.1152; observed, 
350.1152. iHNMR68.14(brs,lH),8.06(d,J=7.1 Hz, 1H),7.64 
(dd, J - 7.4, 7.4 Hz, IH), 7.57 (d, J - 8.2 Hz, IH), 7.50 (dd 7,7, 
7.8 Hz, IH), 5.86 (d, J = 18.5 Hz, IH), 5.51 (d, J - 8.2 Hz, IH) 
5,00 (dd, J =4.3, 52.4 Hz, 1H),4.81 (dd J= 2.2, 12.8 Hz, IH), 4.73 
(dd, J = 3.5, 12.7 Hz, IH), 4.14 (ddd, J - 2, 3, 10.2 Hz, IH), 3.57 
(ddd, J = 4, 1 0.5, 26.6 Hz, IH); ^^F NMR 6 -1 98.3 (ddd, J = 18.5, 
26.4, 52.2 Hz). 

2'-Fluoro-3'-(4-methoxytrit5i)animo-2',3'-dideoxyuridine 
(12) 

To 1 .0 g (2.9 mmol) 11 in 50 ml anhydrous pyridine was added 
1.0 g (3.2 mmol) 4-methoxytrityl chloride. The mixture was 
stirred overnight, 5 ml saturated aqueous NaHC03 was added and 
the mixture concentrated in vacuo to an oil. The oil was dissolved 
in 125 ml ethyl acetate, which was washed with water (3 x 100 ml) 
and reconcentrated in vacuo to 2.05 g of foam. The foam was 
dissolved in a mixture of 40 ml methanol, 40 ml dioxane and 1 0 ml 
water. NaOH (1 g, 25 mmol) was added and the mixture stirred 
overnight. The solution was concentrated in vacuo to a syrup, 
which was dissolved in 100 ml ethyl acetate and washed with 
water (3 x 100 ml). Concentration in vacuo of the organic layer 
gave 1.11 g of a foam, which upon flash chromatography gave 
1.05 g (76%) of a white solid. Mass spectrometry, FAB^, M+H"^, 
calculated, 518.2091; observed, 518.2076. *H NMR 5 8.64 (br d 
J = 4.2 Hz, IH), 8.14 (br s, IH), 7.57 (mm, 5H), 7.48 (d J = 8.7 
Hz, IH), 7.3 (mm, 8H), 6.83 (d J = 8.8 Hz, 2H), 5.67 (d, J - 17.7 
Hz, IH), 5.62 (d, J = 8.1 Hz, 1 H), 4.23 (m, 2H), 4.03 (br d, J = 10.2 
Hz, IH), 3.80 (s, 3H), 3.31 (dddd, J = 3.6, 10.3, 10.9, 25.8 Hz, 
IH), 2.80 (dd, J = 3.6, 50.9 Hz, IH), 2.51 (dd, J = 3.0, 11.2 Hz, 
IH); l^F NMR 8 -192.5 (dddd, J = 2.9, 17.7, 26.1, 50.9 Hz), 



2'-Fiuoro-3'-(4-methoxytrityl)amino-2',3'-dideoxyuridinc 
5'-(2-cyanoethyl iV^-diisopropyl)phosphoramiditc (2u) 

Mass spectrometry, FAB^ M+H''", calculated, 718.3170; observed; 
718.3194. i^F NMR 5 -190.9 (ddd, J - 21.7, 21.8, 51.3 Hz), 
-193.4 (ddd); ^^P NMR 5 150.5, 149.4. 

A'^5VM>ibenzoyl-2'-fluoro-3'-ammo-2',3'-didcoxvcYtidinc 
(13) 

To 6.9 g (18.4 mmol) crude 10 (containing 35% lOi) in 50 ml 
anliydrous CH3CN was added an ice-cold solution of 11.7 g 
(169 mmol) 1,2,4-triazole and 3.35 ml (36.1 mmol) POOs in 90 ml 
anliydrous CH3CN. The mixture was cooled in an ice bath and 
anhydrous triethylamine (23 ml, 1 65 mmol) was added, then the 
reaction allowed to warm to room temperature with stirring. After 
90 min, 15 ml (108 mmol) triethylamine and 4 ml water were 
added and the mixture stirred for 10 min. The solvent was 
removed in vacuo y then 250 ml ethyl acetate was added and tlie 
solution was washed with saturated Jiqueous NaHCOj (2 x 250 ml) 
and with 250 ml water. TLC indicated a fluorescent intermediate 
with the same mobility as the starting material. The mixture was 
concentrated in vacuo to 6.7 g of a foam. Dioxane (100 ml) ;uid 
20 ml concentrated aqueous ammonia were added and, after 3 h, 
the mixture was concentrated in vacuo to a yellow gel. The gel 
was dissolved in 100 ml ethyl acetate and washed with water 
(3 X 200 ml). Concentration in vacuo and vacuum desiccation 
over P2O5 yielded 5.4 g of a solid which gave only one spot on 
silica gel TLC. Only two significant signals were observed by ^ ^F 
NMR, major component 8 -1 92.8 (ddd, J = 22.8, 22.8, 53.1 Hz); 
minor component 5 -200.7 (ddd, J = 13.6, 19.9, 53.4 Hz). 

Anhydrous pyridine (100 ml) was added and the solution 
cooled to 4*C. Benzoyl chloride (1 1 .7 ml 1 00 mmol) was added 
with stirring and the mixture allowed to warm to room 
temperature. After 2 h, 5 ml water was added and tlie solvent 
removed in vacuo, giving a brown oil, which was dissolved in 
200 ml ethyl acetate, washed witli water (3 X 200 ml) nnd then 
reconcentrated in vacuo to an oily foam. Etlianol (150 ml) and 2 g 
10% palladium on activated carbon were added and tlie mixture 
was hydrogenated at 40 p.s.i, H2 overnight. TLC indicated 
formation of two slower, closely migrating compounds. The 
catalyst was removed by filtration and the filtrate concentrated />i 
vacuo to an oily yellow foam. Silica gel flash clnomatography 
(500 ml silica, eluted with 0-3% CH3OH in CH2CI2) provided 
1,85 g of semi-pure product, wluch was dissolved ui 10 ml 
CH2CI2. A solid quickly precipitated, wliich was collected by 
filtration and washed with fresh CH2CI2. Vacuum desiccation 
yielded 1 .5 g of product 13(11% yield from 9 and 9 i) as line wliite 
crystals. Mass spectrometry, FAB"^, M+H"^, calculated, 453.1 574; 
observed, 453.1574. ^H NMR 5 8.21 (d, J = 7.5 Hz, IH), 
8,08-8.13 (mm, 3H), 7.94 (d, J =7.4 Hz, 2H), 7.46-7.7 (mm, 8H), 
6.04 (d, J= 16.9Hz, IH), 5.08 (dd, J = 3.6, 51.5 Hz, 1 TP;, 4.8.^ (dd, 
J = 3.3, 1 2.8 Hz, 1 H), 4.80 (dd, J = 2. 1 , 1 2.8 Hz, 1 H), 4,26 (m, 1 H), 
3,48 (dm, J = 27 Hz, IH); ^^F NMR 6 -200.1 (m). 

A**,5'-0-Dibcnzoyl-2'-ttuoro-3'-(4-methoxytrltyl)amino- 
2',3'-dideoxycytidine (14) 

To 0.9 g (2.0 mmol) 13 in 25 ml anliydrous pyridine was added 
0.86 g (2.8 mmol) 4-methoxytrityl chloride and the mixture 
stirred overnight. The reaction was quenched with 0.5 ml H2O 
and concentrated in vacuo, CH2CI2 (50 ml) was added and waslied 
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with 50 ml saturated aqueous NaHCOj and with water (2 x 50 ml). 
The solvent was removed in vacuo y replaced with 10 ml CH2CI2 
and pipetted into 80 ml rapidly stirred 1/1 hexane/ether. After 
further stirring for 2 h, the product was collected by filtration and 
dried under vacuum, giving 1 .3 g (88% yield) of product as a 
white powder. Mass spectrometry, FAB^, M+H"*", calculated, 
725.2775; observed, 725.2761. ^HNMR 6 8.59 (br s, IH), 8.07 
(br d, J = 5.7 Hz, IH), 7.89 (br d, J = 7 Hz, 2H), 7.83 (dd, J = 1 .3, 
6.7 Hz, 2H), 7.68 (dd, J = 7.4, 7.4 Hz, 2H), 7.5-7.6 (m, 8H), 7.43 
(dd, J - 2.1, 6.9 Hz, 2H), 7.1-7.3 (mm, 7H), 6.71 (d, J = 8.9 Hz, 
2H), 5.80 (d, J = 1 5.4 Hz, IH), 5.03 (dd, J = 2.0, 13.0 Hz, IH), 4.98 
(dd, J - 2.3;, 13.1 Hz, IH), 4.41 (br d, J = 10.5 Hz, IH), 3.63 (s, 
3H), 3.36 (dddd, J = 3.1, 11.1, 11.1, 25.7 Hz, IH), 2.84 (dd, J = 
3.1, 49.9 Hz, IH), 2,52 (dd, J = 2.7, 11.5 Hz, IH); ^^F NMR 5 
-196.3 (m). 

A'*~Benzoyl-2'-nuor()-3'-<4-methoxytrit34)amino-2',3'- 
dideoxycytidhic (15) 

To 1.3 g (1.75 mmol) 14 in 20 ml 65/30/5 pyridine/methanol/ 
water, cooled in an ice batli, was added 1 0 ml cold 2 M NaOH in 
65/30/5 pyridine/methanol/water. The mixture was stirred cold 
for 20 min, then neutralized with pyridinium-H^ form BioRad 
AG 50W-X8 cation exchange resin. After 5 min, the resin was 
removed by filtration and washed with methanol. The combined 
filtrate and wash were concentrated in vacuo to an oil, which was 
dissolved in 100 ml ethyl acetate. The mixture was washed with 
100 ml saturated aqueous NaHCOj and with water (2 x 100 ml). 
After concentration in vacuo to a foam, the product was dissolved 
in 10 ml CH2CI2 and pipetted into 75 ml rapidly stirred 
hexane/ether, 2/1. The product was collected by filtration and 
dried under vacuum, giving 1 . 1 3 g (~1 00%) of product as a white 
powder. Mass spectrometry, FAB^, M-HI!s^, calculated, 
753.1489; observed, 753.1499. ^H NMR 5 8.30 (br d, J - 6.8 Hz, 
IH), 7.89 (br d, J - 6.7 Hz, 2H), 7.64 (dd, J = 7.4, 7.4 Hz, IH), 
7.44-7.56 (mm, 9H), 7.22-7.32 (mm, 9H), 6.82 (d, J = 8.8 Hz, 
2H), 5.80 (d, J = 15,7 Hz, IH), 4.26 (mm, 2H), 4.13 (d, J = 10.2 
Hz, IH), 3.81 (s, 3H), 3.26 (dddd, J = 3.4, 10.7, 10.8, 26.5 Hz, 
IH), 2.93 (dd, J - 3.3, 50.5 Hz, IH), 2.50 (dd, J = 2.8, 11.0 Hz, 
1H);1^FNMR5-I95.3(m). 

iV*-Benzoyl-2'-fluoro-3'-(4-methox>lrityl)amino-2'3- 
dideoxycytidine 5'-(2-cy anoethyl AVV-diisopropyl) 
phosphoramidite (2c) 

Mass spectrometry, FAB"^, M+Cs"*", calculated, 953.2568; observed, 
953.2531. l^F NMR 6 -193.6 (m); ^^P NMR 6 150.4, 149.4. 
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abstract Cell lines that produce viral gene products and 
that can support the growth of viral mutants lacking those prod* 
ucts have been valuable in the genetic analysis of the transforming 
regions of several animal viruses. To extend the advantages of 
such complementing cell systems to regions of the adenoviral ge- 
nome not directly involved in transformation, we have con- 
structed a cell line that will support the growth of a defective ad- 
enoviral deletion mutant^ HZdlSOS, that lacks most of early region 
4 (E4). The right-hand terminal adenovirus 5 £coRI restriction 
fragment) which contains all of E4, was first inserted into the vec- 
tor pSV2gpf, and the recombinant plasmid was introduced into 
Vero cells by calcium phosphate precipitation. Clones containing 
the hybrid plasmid were selected by their resistance to myco- 
phenolic acid. Five mycophenolic acid-resistant clones were then 
tested for the ability to support the growth of UZdlSOS, One of the 
five lines, W162, permits plaque formation by HldlSOH at an ef- 
ficiency that is >10^-fold higher than that of the parental Vero 
cells and allows the production of high-titer, helper-free H2ti?808 
stocks. Thus, W162 cells are permissive for at least one defective 
E4 mutant. The line carries, as expected, an intact E4, detected 
by hybridization. Using an WdlHQS lysate produced on W162 cells, 
we have accurately mapped the 808 deletion. It extends from be- 
tween Bel I and Sma I sites at positions 9L4 and 92.0, respectively, 
to just beyond a HindlU site at position 97,2 and, therefore, falls 
entirely within E4. mdlSOS and Vi^l62 should be of value in de- 
termining the physiological role of E4 in adenoviral infection. 



Studies that probe the functions of viral genes are frequently 
dependent upon the availability of viral mutants. Most of the 
mutants that have proved useful in studying viral gene function 
are conditionally defective; in animal virus systems, the ma- 
jority of these are temperature sensitive (1, 2). An alternative 
approach to the isolation of conditionally lethal mutations ex- 
ploits the fact that some virally transformed cells will support 
the growth of mutants with defects in transforming regions. For 
example, polyoma virus- transformed mouse cells support the 
growth of hr-t mutants which carry lesions in the polyoma early 
region (3); COS cells, a line of simian virus 40 (SV40)-trans- 
formed monkey cells, support the growth of SV40 early region 
mutants (4); and 293 cells, a line of human cells transformed by 
sheared adenoviral DNA (5), support the growth of miitants of 
adenoviral early region 1 (6-8). In each of these cases, mutant 
viruses can be propagated efficiently on the transformed cell 
line, and their phenotypes subsequently can be analyzed in 
normal, nonpermissive cell types. The value of a comple- 
menting cell line in the isolation and propagation of viral mu- 
tants is probably best illustrated by the last example; the ex- 
amination of a wide variety of mutants of adenoviral early region 
1 (El) has provided a detailed picture of the functions of that 
region (6-13). 
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In the examples cited above, the expression of integrated 
viral DNA is presumably responsible both for the cells' trans- 
formed phenotype and for their ability to complement the de- 
fective mutants. However, many segments of viral DNA do not 
transform cells, and there is no direct selection for cells that 
contain such DNA and that might support the growth of mu- 
tants in those regions of a viral genome. In an effort to extend 
the complementing cell approach to segments of viral DNA that 
do not transform cells and to make possible the analysis of mu- 
tants of adenoviral early region 4 (E4), we have used the Esch- 
erichia coli gp^based selective system of Mulligan and Berg 
(14, 15) to introduce £4 DNA into cells that are permissive for 
human adenoviruses. E4 lies at the right end of the adenoviral 
genome, and although it is required for viral growth (see be- 
low), its role in the viral life cycle is not known. E4 is genet- 
ically ill-characterized, and so a cell line that would comple- 
ment E4 mutants and simplify their isolation and analysis would 
be useful. One of the lines that we have obtained supports the 
growth of a defective adenoviral mutant, H2c^i808 (16), which 
lacks most of E4. This paper describes the isolation of this line, 
its partial characterization, and the accurate mapping of the 808 
deletion. 

MATERIALS AND METHODS 
Cells and Viruses. Vero cells were obtained from A. M. Lewis 
and 293 cells from F. Graham. Vero cells were growi» in mono- 
layers in Eagle's minimal essential medium containing 10% calf 
serum (medium A), and 293 cells were grown in Eagle's min- 
imal essential medium containing 10% fetal calf serum (me- 
dium B). Mycophenolic acid-resistant Vero cell derivatives were 
grown in Dulbecco's modified Eagle's medium supplemented 
with 10% calf serum and selective drugs as described below. 

Wild-type adenovirus type 2 (Ad2) was originally from A. 
Lewis. H26//808 is an Ad2 deletion mutant lacking the viral DNA 
between about positions 92 and 97. 1 on the standard map; its 
isolation was described by Challberg and Ketner (16). 

Transformation and Mycophenolic Acid Selection. Deriv- 
atives of the pSV2gp( plasmid of Mulligan and Berg (14, 15) 
containing adenoviral DNA (see Results) were introduced into 
Vero cells by the calcium phosphate precipitation technique 
(17, 18). About 5 X 10^ cells were plated in a 9-cm Peiri dish 
on the day before they were to be transformed; 15-24 hr later, 
the medium was removed from the dishes, and 0,5 ml of a sus- 
pension of precipitated DNA (12.5 fig of plasmid DNA per 0.5- 
ml aliquot) was added to each dish. After 20 miii at room tem- 
perature, the plates were filled with 9 ml of medium A and 
transferred to a 37'C incubator. Four hours later this medium 
was replaced with selective medium: Dulbecco's modified Ea- 
gle s medium containing calf semm (10%), mycophenolic acid 
(25 ju-g/ml), xanthine (250 Mg/ml), hypoxanthine (15 /ig/ml). 



Abbreviations: Ad2, adenovirus type 2; AdS, adenovirus type 5; El and 
E2, early regions 1 and 2 of adenoviral genome; SV40, simian virus 40. 
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amethopterin (2 ptg/ml), and thymidine (10 /ig/ml) (16). My- 
cophenolic acid was the generous gift of the Eli Lilly Research 
Laboratories. Mycophenolic acid-resistant colonies first be- 
came visible 7-9 days later and were picked after 14-20 days 
by using cloning cylinders cut from plastic Eppendorf centri- 
fiige tubes. The transformants were grown up and are main- 
tained in the selective medium. It is at present unclear whether 
continued selection is necessary if W162 cells are to retain their 
biological activity over long periods, although a brief period 
without selection does not affect complementing ability (see 
below). 

Preparation of W162 Monolayers for Plaque Assays. To 
conserve mycophenolic acid, plaque assays on W162 monolay- 
ers were performed in the absence of selective drugs. When 
suddenly withdrawn from selective medium, however, W162 
cells grew very poorly. This difficulty could be avoided by a 
single passage through Eagle's minimal essential medium con- 
taining hypoxanthine, xanthine, and thymidine without ameth- 
opterin and MPA (medium C). Therefore, W162 cells to be used 
for plaque assays were transferred first into medium C and, after 
2 to 3 days, into 5-cm dishes containing Eagle s minimal es- 
sential medium. The resulting monolayefs could be used with- 
out hirther special treatment. 

Southern Transfers and Hybridization. Cellular DNAs, di- 
gested with the restriction endonucleases EcolM or Htndlll, 
were fractionated on 3-mm thick vertical slab gels and trans- 
ferred to nitrocellulose filter sheets by the Southern procedure 
(19). Restriction fragments containing adenovirus type 5 (Ad5) 
sequences were detected by hybridization (20, 21) to adenoviral 
DNA labeled widi ^^P by nick-translation (22) and subsequent 
autoradiography. 

RESULTS 

Construction of Cell Lines. The initial goal of these exper- 
iments was to introduce adenoviral early region 4 (E4) into a 
cell line permissive for human adenoviruses. To do so, we used 
tlie gpt-based selective system developed by Mulligan and Berg 
(14, 15). Tliis system permits the selection of cells that take up 
one of a series of plasmid vectors containing the E. coli gpt gene 
linked to SV40 sequences that allow its expression in animal 
cells. The basis of the selection is the novel ability of such cells 
to utilize exogenous xanthine as a source of GMP, when de novo 
CMP synthesis is blocked by the drug mycophenolic acid; gpt- 
containing cells are resistant to mycophenolic acid in the pres- 
ence of xandiine, whereas normal cells are not. Mycophenolic 
acid resistance is dominant, and the recipient cells need not 
possess any special properties. We constructed two derivatives 
of one of the gpt vectors, pSV2gp£. These plasmids (pE4gp(6 
and pE4gpfl6) both contain the Ad5 EcoRI B fragment inserted 
at the vector's single EcoRI cleavage site but differ in the ori- 
entation of the viral DNA segment. Ad5 EcoRI B covers the 
region 84-100 on the viral genome and contains all of E4, the 
fiber gene, and part of early region 3. The Ad5 EcoRI B frag- 
ment that we used has been modified by the addition to its right 
end of a synthetic EcoRI site and was kindly provided by K. 
Berkner, pE4gptl6 is diagrammed in Fig. 1. 

Tlie two E4-bearing plasmids were introduced into Vero cells 
by calcium phosphate precipitation, and mycophenolic acid-re- 
sistant clones were selected. On the average, two or three 
transformants were obtained from each plate exposed to plas- 
mid DNA. A total of 13 clones were picked, 5 made with pE4gpf6 
and 8 made with pE4gpil6. Four clones produced with pE4gptl6 
(W162 through W165) and one clone produced with pE4gpf6 
(W6B) were selected for further examination. 

Assay for Complementing Activity. To determine whether 
any of the selected mycophenolic acid-resistant cell hues were 
capable of complementing an E4 defect, we tested each one for 
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Fig. 1. Structure of pE4^pd6. pE4^pil6 consists of the Ad5 
EcoKL B fragment (positions 84-100) inserted at the single AVoiil site 
of pSV^pi (14). On the map, adenoviral sequences are indicated by 
light stippling, SV40 sequences by heavy stippling, and E. coli gpt se- 
quences by the solid bar. The coordinates indicated are from the adeno- 
virus physical map. Arrows indicate the direction of transcription and 
extent of adenoviral E4 and of the fiber gene (IV). 

the ahihty to support growth of the defective E4 deletion mu- 
tant HMlSOS (16). The 808 deletion covers sequences from about 
92 to about 97 map units on the Ad2 genome (see below) and, 
thus, is entirely within E4 (23, 24). A mixed stock containing 
both H2i//808 and its Ad5 ts helper, enriched for the deletion 
mutant by four cycles of CsCl equilibrium density gradient 
centrifugation, was titrated on each of the five mycophenolic 
acid-resistant lines listed above. The apparent titer of the stock 
on the five lines ranged from about 2 X 10^ plaque-fomiiiip, units/ 
ml (W162, W163, W165, and W6B), to about 3 x 10' plaque- 
fonning miits/ml (W164). Five plaques produced on each of 
the lines W162-W165 and 10 plaques produced on W6B were 
picked and used to produce small lysates in cells of the same 
line. These lysates were then used to prepare small amounts of 
^P-labeled viral DNA, which were digested either with EcoWl 
or Xba I and analyzed by agarose gel electrophoresis. Judged 
by the restriction fragments produced, all of the plaques formed 
on four of the Hnes (WI63-W165 and W6B) contained H2ri/808 
and its Ad5 helper, the helper alone, or Ad2/Ad5 recombinants 
lacking the 808 deletion. Therefore, none of these lines seems 
to support the growth of pure H2£//808. In contrast, three of 
the five plaques picked from lawns of W162 contained only 
H2i//808. No restriction fragments characteristic of the Ad5 
helper were observed in digests of DNA from these placpies, 
and the Ad2 fragments affected by the 808 deletion (EcoRI C 
and Xba I C), were entirely replaced by the expected novel 
fragments. The remaining plaques contained both H2ii/808 and 
Ad5. An EcoRI digest of DNA from descendants of one of the 
mutant plaques, subsequently replaqued and grown up on W162. 
is presented in Fig. 2. 

Viral Growth on W162, To confirm that H2dte08 is defective 
on normally permissive cell lines and that it forms plaques ef- 
ficiently on W162, we titrated Ad2 and mdlSOH stocks on W162 
and on the parental Vero strain. The H 2 J/808 stock used was 
produced in W162 cells from virus purified by three successive 
rounds of plaque formation on W162 monolayers. As shown in 
Table 1, l{2dlH0S formed plaques more than lO'^-fold more ef- 
ficiently on W162 cells than on Vero monolayers. We conclude 
that W162 complements a defect in HZdiSOS that renders \he 
mutant defective. That lesion is presumably the 808 deletion; 
thus, it seems certain that W162 will complement at least some 
defective E4 mutants. 

Viral DNA in W162. Because we expected die comple- 
menting activity of W162 to be dependent upon the presence 
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Fig. 2. £coRI digest of H2(i/808 DNA. DNAs obtained from puri- 
fied H2(;/808, Ad2, and Ad5 virions were digested with the EcoRl re- 
striction endonuclease. The resulting fragments were fractionated by 
electrophoresis on a 1.4% agarose gel, stained, and photographed. In 
the digest of mutant DNA, the Ad2 C fragment is replaced by a shorii- 
ened derivative (C'>, which is slightly smaller than Ad2 EcaiRl F. 

of viral E4 DNA, we assayed W162 for viral DNA sequences 
by the Southern transfer procedure (19). W162, Vero, and- 293 
DNAs (10 fig each) were digested with either the Htndlll or. 
EcoRI restriction endonucleases, fractionated on a 1% agarose 
gel, transferred to nitrocellulose, and hybridized to ^P-labeled 
Ad2 DNA. The Hindlll digest of W162 DNA contained three 
bands that hybridized to viral DNA (Fig. 3). One of these comi- 
grated with Ad5/fmdIII F (89.5-98.2 map units), which con- 
tains most of E4. EcoRI digestion of W162 DNA produced one 
fragment containing viral sequences that had a slightly greater 
mobility than had Ad5 EcoBl B. Vero DNA contains no viral 
sequences, whereas 293 DNA digested with either enzyme 
yielded three fragments that hybridized with viral DNA. Be- 
cause the fragment observed in the EcoBl digest of W162 DNA 
did not comigrate precisely with the Ad5 EcoBI B marker, the 
p£4g|7U6 DNA present in these cells must have. suffered some 
rearrangement during its incorporation. However, both the 
phenotype of the line and the presence of the Htndlll F frag- 
ment suggest that W162 carries an intact, .functional £4. 

The 808 Deletion. The deletion in H2d/808 had previously 
been mapped by electron microscopy to coordinates 92.0-97.1 
(14). To refine these measurements, we assayed DNA obtained 
from plaque-purified H2JZ808 virions for the presence of sev- 
eral restriction sites near the ends of the deletion. The results 
of these mapping experiments (summarized also in Fig. 4) in- 
dicate that Sma I and HtndlH cleavage sites at positions 92.0 
and 97.2 (25), respectively, are missing- from E2dJSQS DNA, 
while Bel I and Sma I sites at positions 91.4 and 98.4 (25), re- 
Table 1. Titration of Ad2 and HMSOS on W162 and Vero cells 



Ad2 



mdim 



W162 
Vero 



4.0 X 10' 
1.5 X 10' 



7 X 10' 
<1 X 10** 



Ad2 and H2d/808 lysates were titrated on'W162 and Visro cells. The - 
titers of the two stocks on these cell lines appear above, expressed, as 
plaque-forming units per ml. . 

* No plaques appeared on either of two dishes inoculated, with 1.0 ml 
of the H2(2/808 stock diluted 1:10. 




Fig. 3. Adenoviral DNA sequences in W162. W162, Vero, and 293 
DNAs (10 fis each) were digested with Hindlll or with EcoRl trans- 
ferred to nitrocellulose by the Southern procedure (19), and hybridized 
to 3^P-labeled Ad2 DNA. (A) HmdlU digests. The eight largest Ad5 
HindSn fragments are indicated by letters. The arrowheads mark the 
positions of two of the bands that contain viral sequences in the lane 
containing W 162 DNA; the third band lies next toHmdIII F. (B) £:coRI 
digests. The three Ad5 EcoBl bands are labeled, and an arrowhead marks 
the position of the band containing viral sequences in the digest of W162 
DNA. The Ad5 standard contains viralDNA equivalent to about 10 cop- 
ies per genome. 

spectively, are present. Therefore, the left end point of the 
deletion faUs in the roughly 200-base region between positions 
91.4 and 92.0, and the right end point falls. betvy^een positions 
97.2 and 98.4.. The size of the 808 deletion, measured by elec- 
tron microscopy and estimated from the mobility of the novel 
restriction fragments produced in H2(f/808 DNA by the dele- 
tion (Fig. 2) is just over 5%. It is likely, therefore, that the right 
end point hes quite close to the Hindlll site at position 97.2 as 
shown in Fig. 4. 

Tlie 808 deletion, which does not cover the Bel I site at po- 
sition 91.4, cannot be any closer to the presumed polyadenylyl- 
ation site for fiber mRNA (position 91.1; refs. 25 and 26) than 
about 100 bases. It is likely, therefore, tliat fiber mRNA is not ' 
directly affected by the 808 deletion. This is of particular in- 
terest in light of the observation that, even in W162 cells, 
H26//808 substantially underproduced fiber protein (data not 
shown). Therefore, the 808 deletion may define a downstream 
site, outside of the sequences incorporated into stable mRNA, 



£4 



B el l Smgl 



895 90 
II. 



Hindm Smo l 
97.2 98.4 



WA. E4A„ 



.808 



Fig. 4. Map of the U2dlH08 deletion. The extent of the H2d/808 
deletion, deduced from restriction digests and electron microscopy, is 
diagrammed. The end points of the deletion (black bar) fall between a 
Bel I site at position 91.4 and a Sma I site at position 92.0 on the left 
and between a Hindlll site at position 97.2 and a Sma I site at position 
98.4 on the right. The positions of the presumed pplyadenylylation sig- 
nals for fiber (IVA J and E4.(E4 A„) RNAs and the approximate extent 
of £4 tran8criptioh (arrow) are indicated (23, 24). 
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that is necessary for efficient expression of the fiber gene. More 
thorough analysis of H2dl80S will presumably shed light on . this 
possibility and on the nature of the mutant's biochemical de- 
fect. 

DISCUSSION 

The genetic analysis of the transforming regions of several an- 
imal viruses has been facilitated. by the fact that some trans- 
formed cell lines support the growth of otherwise defective viraJ 
mutants with lesions in those regions. Such transformed cell 
lines contain and express segments of viral DNA (3-5) and pre-; 
sumably are capable of supplying the essentid products of those 
DNA segments to viral mutants that cannot produce them. The 
experiments described here were undertaken to extend the 
benefits of such complementing ceil systems to a viral DNA 
segment not directly involved in transformation, early region 
4 of human adenoviruses. In these experiments, a segment of 
adenoviral DNA containing early region 4, sequences derived 
from Ad5 was introduced into Vero cells as part of a plasmid 
containing the Ad5 EcoRl B fragment and - the dominant, se- 
lectable E. colt gene gpt (14). Several of the resulting cell lines 
were then screened for biological activity and one, W162, was . 
found to support the growth of the defective E4 deletion mu- 
tant H2(i/808 (16). Thus, it is possible /to construct comple- 
menting cell hues for at least some segments of viral DNA that 
do not transform cells, and a line that should be useful in the 
analysis of E4 was obtained. Recently, Shiroki et al (27) and 
Babiss et al (28) reported the use of the gpt selective system 
to construct KB cell derivatives containing adenoviral EI se- 
quences. Like 293 cells, some of these lines support the growth 
of Rl mutants. 

Vero cells, which are of monkey origin but permissive for 
human adenoviruses, were chosen for these experiments rather, 
than a human cell line partly for technical reasons: Vero cells 
grow well, form durable monolayers, and were easily trans- 
formed to mycophenolic acid resistance. Further, in Vero de- 
rivatives,, resident E4 sequences should remain silent because 
Vero cells do not contain the adenoviral El sequences required 
for efficient E4 expression (9, 10). Thus, even if E4 expression 
is lethal, there ought to be no selection against E4-containing . 
Vero transformants, as- there might be against similar deriva- 
tives of, for example, 293 cells. We presumed that in E4-bear- 
ing Vero derivatives, infecting adenovirus would activate the 
resident E4 DNA' by providing El products, 

Five mycophenolic acid-resistant lines> all of which presum- 
ably carry the gpt gene and attached E4 DNA, were originally 
chosen ibr close examination. Of these, only one seems to com- 
plement the E4 mutant that we have used to test biological ac- 
tivity. The reason for the inactivity of the other.four lines is not 
known. All of the lines examined, including W 162, grow well 
and form long-lived monolayers. 

E4 is one of the few segments of the adenoviral genome for 
which no function in the viral life cycle is known. This is due 
in part to the lack of E4 mutants: no conditionally defective mu- 
tants are available, and H2(i/808, which until now has been 
propagated in -the presence of a helper virus, carries a deletion 
too small to make its physical purification practical. . One dele- 
tion mutant lacking E4 sequences (H2</Z807; ref 14) has been- 
characterized, but the interpretation of its phcnotype is com- 
plicated by the fact that it is missing a substantial amount of 
DNA outside of E4. The difficulties encountered in the genetic 
analysis of E4 should be considerably reduced by W162, wliich 
will make the analysis of H2dl80$ possible immediately and 
should permit the eventual isolation of new E4 mutants. 

Using lysate& produced On WI62 cells, we have begun the 
characteriisation of H2di808. which lacks viral secjuences from 
between positions 9L4.and 92.0 to just beyond position 97.2. 



This deletion falls entirely within E4 (ref 24; see Fig. 4) and 
would disrupt all but the most promoter-proximal of ihc. hy- 
pothetical protein-codiiig regions in E4 proposed on the basis 
of sequence data (25, 26). We are not yet certain of the level 
at which the growth of H2(i/808 is blocked in nonpermissive 
cells. It is of interest that even in W162 cells, H2ti/808 syn- 
thesizes httle fiber protein. Because fiber mRNA ought not to 
be directly affected by the deletion, the missing DNA may con- 
tain a novel genetic element required for efficient expression 
of the fiber gene. 

The W162 cell line should soon shed light on the functions 
of adenoviral early region 4. The method used in the construc- 
tion of the line also should be of general utihty in producing 
similar complementing cell lines for other regions of interest in 
animal virus genomes. 
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